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ABSTRACT 
This thesis reports on a study of rainfall interception loss as a function of tree 
spacing. The experiment was carried out at Cloich, 32 km south of Edinburgh. The 
literature related to the role of interception loss in the water balance of afforested 
catchments is reviewed and the controversy surrounding the subject is outlined and 
discussed. A need for detailed experimental work on rainfall interception loss from tree 
stands of agroforestry systems is identified. The characteristics of the experimental site 
as well as the various experiments carried out are described in detail. Particular 
attention is given to the modelling aspect of interception loss as a function of tree 
spacing. Two methods, the volume balance method and the mass exchange method, 
were employed to derive the model parameters from four tree spacing treatments of 2 
m, 4 m, 6 m and 8 m of Sitka spruce (Picea sitchensis (Bong.) Carr). The experiment 
spanned a period of two years from 1 July 1987 to 31 August 1989. 
The results obtained showed that, on average, interception loss in the closed 
stand (2 m spacing) was 33% of the gross rainfall, against 24%, 15% and 9% in the 
4m, 6 m and 8 m spacing treatments, respectively. The stand parameters, the free 
throughfall coefficient and the boundary layer conductance, are identified as 
responsible for the variation amongst the spacing treatments. The boundary layer 
conductance per unit ground area was found to decrease with spacing as the number of 
trees decreased but increased per tree as the result of the increase in the ventilation rate 
and turbulent exchange within the canopies in widely spaced stands. Spacing 
dependent functions were derived for the free throughfall coefficient, the boundary 
layer conductance, the canopy and trunk storage capacities, the free stemfiow 
coefficient, the drainage rate from the canopy and the coefficient of evaporation from 
the stem. The storage capacities of the canopy and the trunk, the free stemfiow 
coefficient and the drainage rate from the canopy were unaffected by the spacing and 
were found to be the properties of the individual trees. 
The measurements of interception loss from the four treatments are compared 
with predictions made by two models, the Gash model and a modified implementation 
of the Rutter model. The latter, modified by inclusion of the derived 
spacing-dependent functions, is shown to be a good model for predicting interception 
loss in agroforesiry systems. 
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1.1. Aim of the project 
The effect of a forest on the water balance of a catchment has long been a cause 
of concern and resulted in the initiation of the first catchment experiment in 1909 
at Wagon Wheel Gap in Colorado, U.S.A. (Bosch and Hewlett, 1982). The 
relationship between forests and the water budget has, however, been the subject of 
active discussion in Britain since the stimulating paper by Law (1956). Most of the 
arguments have been concentrated on the possible effects of afforestation on the water 
balance of a catchment as a result of high evapotranspiration. 
In many parts of the world, land is used for agriculture, forestry or other 
purposes, as well as to provide a yield of water for domestic and industrial purposes. 
Management of land aimed at maximizing agricultural or forest products is generally 
found to be incompatible with management for maximum yield of good quality water. 
The conversion of catchments from one type of land-use to another has also been 
found to have a major influence on the water balance of the catchment. This has been 
demonstrated by several hydrological studies carried out in afforested catchments. 
Bosch and Hewlett (1982) summarised the results of 94 catchment experiments from 
around the world on the effect of vegetation on water yield. For example, Pearce, 
Rowe and Otoughlin (1980a) measured an annual increase of 650 mm (42%) in 
water yield from a catchment after clearfelling a mixed beech (Nothofagus )-podocarp 
forest in the South Island of New Zealand. This increase in water yield was attributed 
to the effect of deforestation on the water yield from the catchment as a result of high 
forest evaporation. Such effects of forests on water yield can be predicted by 
applying catchment models which are developed based on the general hydrological 
equation of the form (Whitehead, 1985): 
Pg ET+EI+U+Rs +G+EW  
where P 	is gross rainfall, 
1 
ET 	is transpiration (i.e. water that has passed through 
the trees and evaporated from within the leaves), 
E1 
	
	is evaporation of intercepted water from the forest 
canopy (i.e. the interception loss), 
U 	is transpiration from the understorey and evaporation 
from the soil surface, 
R 5 	is surface run-off, 
G 	is sub-surface drainage, and 
AW 	is change in soil water storage during the period. 
These and other symbols and abbreviations are listed in Appendix I. 
Studies of forests in temperate regions have shown that interception loss, the 
evaporation which results from rainfall intercepted by the forest canopy and 
evaporated before reaching the ground, is an important component of the forest 
evaporation (Gash and Morton, 1978). Measurement and modelling of the 
interception loss from forests is, therefore, an essential requirement in the prediction 
of the effects of forests on the water yield of any afforested catchment. 
Because of the increasing surplus of agriculture production, a lot of thought is at 
present being given to the future land-use policies of the developed West European 
countries, particularly Britain. One of the land-use practices that may be widely 
adopted in the existing situation is the introduction of agroforestry systems whereby 
part of the agricultural land can be retired from monocropping and converted to 
combi'.d timbez and pasture production. In developing countries, agroforestry is 
also regarded as the most viable system of land-use with respect to diversifying the 
farmers' income and maintaining the fertility of the soil in particular and the farming 
environment in general. 
2 
Agroforestry as defined by the International Council for Research in 
Agroforestry (ICRAF) is: 
a collective term for systems of land-use in which woody plants (trees and shrubs) are 
deliberately combined on the same land management unit with herbaceous crops and/ or 
animals, either in some form of spatial arrangement or in sequence. For a land-use system to 
fall within the concept of agroforestry, there should be both ecological and economic 
interactions between the woody plants and other components of the system (Lundgren, 1982). 
Agroforestry may involve the integration of trees into farming systems or crops 
and livestock into forests. In practice, a high proportion of agroforestry systems 
involve the growing of trees at wide spacing on what is primarily agricultural land. 
Different tree spacings may affect the local hydrology in terms of the volume and 
timing of run-off differently, if interception loss is an important component of the 
water balance. Thus measurement and modelling of the interception 'loss from widely 
spaced stands of trees in agroforestry systems is an essential prerequisite to any 
quantitative prediction of the effects of agroforestry on the environment. This 
experiment is, therefore, aimed at finding out the effects of widely spaced trees on the 
water balance of an agroforestry system and establishing relationships between tree 
spacing and water-related properties of the stands, based on which a predictive model 
of interception loss as a function of spacing can be developed. 
1.2. Background 
In the presence of a forest cover, water is transferred from the atmosphere to the 
forest by rainfall, and back to the atmosphere from the forest by transpiration along 
the soil-plant-atmosphere continuum and by evaporation from wet surfaces of the 
vegetation. 
From the point of view of the water balance of a forested catchment, which is 
expressed by the general hydrological equation (see eq.l.l), it is now generally 
accepted that, while one can exert little influence on rainfall, surface run-off and 
sub-surface drainage, or in other words streamflow, can be altered both in terms of 
gross yield and flow characteristics, through manipulative changes to the forest 
cover which affect transpiration, interception loss and the volume of water in store. 
Changes in streamfiow can be induced as a result of changes in the vegetation cover 
in catchments. Catchment experiments to determine vegetation effects on streamfiow, 
particularly afforestation, have demonstrated streamfiow changes which on a 
long-term scale may be ascribed entirely to changes in evapotranspiration, of which 
interception loss may be the major part (Gash and Stewart, 1977). 
It has been found that interception loss from different forests ranges from 35 to 
75% of the total annual losses by evaporation and transpiration together 
(McNaughton and Jarvis, 1983). Expressed as a fraction of gross annual rainfall, 
interception loss ranges from 10 to 55% depending on the leaf area index and the 
crown structure of the species, and the climate (Rutter, 1975). When this value is 
included in the water balance equation (eq.1.1), its effect on streamflow is obvious. 
By contrast, interception loss from grassland, crops and heathland is much less. 
Rainfall interception loss has, therefore, been identified as the process within the 
evapotranspiration component which may explain much of the change in streamflow 
that is ascribed to afforestation (Bosch and Hewlett, 1982). 
Rainfall interception loss is generally defined as the process by which part of the 
rainfall is caught by the vegetation canopy and redistributed as throughfall, stemflow, 
absorption and evaporation from the canopy. As explained by Horton (1919), and 
later by Leonard (1965), when rain starts to fall on a forest some of the raindrops 
striking the leaves are largely retained and spread out from the point of drop impact 
into a thin film. This continues until the storage capacity of the leaf is filled or the 
surface tension forces are in balance with the gravitational forces. Thereafter, 
raindrops striking the leaf form miniature pools and rivulets, channeling the moisture 
to the tips or lower edges of the leaves, where they form large drops. Drop size 
gradually increases until forces due to gravity overcome the forces due to surface 
tension. When the ratio of gravitational forces to surface tension forces exceeds unity, 
the drop will separate from the edge of the leaf, falling downward to strike a lower 
leaf or be shaken off by wind or by impact of rain on the leaf. The leaf system, 
therefore, temporarily stores the rain in films and drops which, in the meantime, are 
freely exposed to evaporation. After the rain ceases, the forest canopy dries by 
evaporation and remains dry until the next rain event when the process repeats itself. 
The amount of water retained by the leaf, or its storage capacity, is dependent on 
the leaf area and surface tension forces. The surface tension is, in part, a function of 
leaf surface configuration and liquid viscosity. Surface tension increases with an 
increase in viscosity. Viscosity increases with a decrease in temperature. When rain 
drops fall on to leaves with waxy surfaces, the contact angle between the raindrop 
4 
and the leaf surface is so large that the droplet covers a small area, is held away from 
the surface and has a tendency to run-off, whereas on wax-free leaf surfaces the 
contact angle is so small that the droplet tends to spread over a large surface area 
leading to high leaf storage capacity (Juniper and Jeffree, 1983). 
The process of interception loss is also a function of several other vegetation 
properties which include branch, stem, crown and canopy properties. The branching 
structure of trees plays a very important role in the interception process. Themain 
leader and top whorls of each tree protrude above the bulk of the canopy so that when 
falling rain is not vertical, which is mostly the case in temperate regions, these plant 
parts present a larger area for interception than their projection on the horizontal plane 
would suggest (Ford and Deans, 1978). 
If the trees are widely spaced so that there are large gaps in the canopy, 
ventilation within the stand increases and this may result in more rainfall being 
intercepted. 
Because interception loss occurs when the canopy is wet, the largest losses 
occur in climates with a well-distributed rainfall of frequent, small storms rather than 
a few large ones (Rutter, 1975). When rainfall is seasonal, the largest losses of water 
take place when the rainfall is most prevalent, in the winter (Calder, 1977; Gash and 
Stewart, 1977; Gash, 1979; Gash et al., 1980). 
The amount of interception loss from a forest, therefore, depends on numerous 
factors. This is the reason why values for interception loss reported so far by 
different investigators show considerable variation (Rutter, 1975). 
According to Molchanov (1960), the first investigation of rainfall interception 
loss was conducted in 1863 by Krutzsch in a pine forest in Germany. Since then, 
there have been countless experiments carried out in various parts of the world to 
quantify rainfall interception loss. As a result, a great deal is now known about the 
magnitude of interception loss in different types of forest and climate. This work has 
been extensively reviewed by Kittredge (1948), Penman (1963), Zinke (1967), 
Rutter (1975), and Ward (1975). Some examples of the role of interception loss in 
the water balance for temperate and tropical vegetation types are: 
Vegetation Cover 	 Age Annual Interception 	Reference 
(Years) loss as % of gross 
rainfall 
Picea sitchensis (Bong.) Carr. 14 30% Ford and Deans (1978) 
Picea sitchensis (Bong.) Carr. 25 38% Law (1957) 
Picea sitchensis (Bong.) Carr. 27 32% Gash et al. (1980) 
Picea sitchensis (Bong.) Carr. 29 27% Gash et al. (1980) 
Pinus roxburghii Sarg. / 22% Dabral et al. (1969)a 
Pinus sylvestris L. 41 42% Gash et al. (1980) 
Pinus sylvesrris L. 16 32% Rutter (1963) 
Pjnus resinosa Aft. 17 21% Thorud (1963) 
Pinus elliottii Engelm 22 38% Johansen (1964)b 
Pinus radiata D. Don 11 12% Piennar (19)b 
Pinus radiata D. Don 29 20% Versfeld (1978)b 
Eucalyptus spp. / 32% Roberts et al. (1982) 
Eucalyptus regnans F. Muell 1 1% Longford et al. (1982)b 
Eucalyptus regnans F. Muell 2 	7% Longford et al. (1982)b 
Eucalyptus regnans F. Muell 3 	10% Longford et al. (1982)b 
Eucalyptus regnans F. Muell mature 23% Duncan et al. (1978)b 
Shorea robusta Gaertn. f. / 	25% Tejwarn et al. (1975)a  
Shorea robusta Gaertn. f. - / 	38% Dabral et al. (1963)a 
a - cited by Oyebande (1988) Table 3 p.24 
b - cited by Versfeld (1985) p. 6 
/ - unknown age 
In general, intercepted water is thought of as being lost to the system, but there 
is at present much controversy regarding the effect of intercepted rainfall on the water 
balance of a forested catchment. The core of the argument is whether rain retained by 
vegetation and evaporated represents an additional loss in comparison with the likely 
loss by transpiration from the canopy under dry conditions. The disagreement stems 
largely from the way in which intercepted water is viewed. Early workers believed 
that interception loss, estimated as precipitation landing on the canopy minus 
precipitation measured beneath, should be regarded as an extra water loss in the water 
balance equation. Horton (1919), for example, said that it represented a loss of water 
which would otherwise be available to the soil. This opinion, which was shared by 
other hydrologists, for example Hirata (1929) (cited by Yesilkaya, 1979), who 
looked at interception in terms of inputs to the hydrologic cycle, was later challenged 
by Penman (1963) who argued that most of the intercepted rainfall was re-evaporated 
and became part of the evaporation term in the hydrological balance sheet. He based 
his argument on the fact that the same energy cannot be used twice. if energy is being 
used to evaporate intercepted water, it cannot be evaporating transpired water. The 
magnitude of transpirational saving during the evaporation of intercepted rainfall is, 
therefore, critical in determining how much of a moisture loss interception 
constitutes. If the rate of water loss is the same whether the vegetation is wet or dry, 
then it matters little whether evaporative demand is satisfied by intercepted water or 
soil moisture. 
If, on the other hand, evaporation of intercepted rainfall is faster than 
transpiration of soil moisture from an unwetted canopy, then an additional loss of 
water would result (Singh and Szeicz, 1979). There are a number of experiments 
from which it has been deduced that the evaporation rate of intercepted rainfall can be 
several times greater than the transpiration rate (Rutter, 1967; Leyton et al., 1967; 
Thorud, 1967; Stewart and Thom, 1973; McNaughton and Black, 1973; Gash and 
Morton, 1978; Singh and Szeicz, 1979). This has led to the concept of net 
interception loss, the net loss being the additional amount of water lost, over and 
above the transpiration, as a result of the evaporation of the intercepted water. 
Although the gross interception loss can readily be measured as a rate by the Bowen 
ratio method or with lysimeters, or as an integral by the measurement of gross 
rainfall, throughfall and stemilow over a period, transpiration rate which does not 
actually happen under wet conditions, or which might have occurred if the canopy 
was not wet, cannot be measured. Therefore, the argument has been based on a 
transpiration rate which is either estimated or calculated using the Penman-Monteith 
equation for the period. This is not a sensible thing to do since it is impossible to 
know what the transpiration rate might have been (Jarvis, 1982). Thus, it can be 
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concluded that net interception loss is not a helpful concept. Measured rates of 
evaporation from wet canopies and transpiration from dry canopies are very similar 
(McNaughton and Jarvis, 1983) in practice and actual va1uesof both need to be 
evaluated. The implication is, therefore, that interception loss should be taken into 
account as an important component in the water balance of a forest or an agroforestry 
system of land-use. 
1.3. Summary 
It can, in general, be said that there have not as yet been any systematic 
experiments carried out to establish the relationship between rainfall interception and 
tree spacing and no work has so far been done to apply existing rainfall interception 
loss models nor to develop a new model to predict interception loss in forest stands 
with a large variety of tree spacings. It is, therefore, evident that there is a need to 
investigate the effects of tree spacing on the interception loss of an agroforestry 
system. 
The major difficulty in applying the existing interception loss models is the 
suitability of the models for use in stands of varying tree spacing, a variable which is 
of great importance in agroforestry and has never been considered before with respect 
to interception loss. 
As tree spacing affects leaf area, which will modify available energy, boundary 
layer conductance and several other parameters required for modelling interception 
loss, the magnitude of the effects of tree spacing on these parameters needs to be 
known. 
This lack of information should be remedied, particularly from the point of view 
of the present-day trend of agroforestry practices, the environmental effects of which 
have not been very well studied. 
This experiment reported in this thesis was, therefore, undertaken to: 
(1) test the hypothesis that with increasing tree spacing 
rainfall interception loss decreases, 
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test the hypothesis that spacing has a direct effect on the 
micrometeorology of an agroforestry stand and can influence 
the rate of evaporation of intercepted water by the tree 
canopy, and 
test existing interception loss models and develop a new 
model applicable to agroforestry systems, by quantifying the 
parameters of the new and existing models with respect to 
spacmg. 
This thesis has 7 chapters. Chapter 1 comprises this Introduction and the 
description of the experimental site. Chapter 2 consists of a review of literature on the 
existing models of interception loss and a discussion of their application to 
agroforestry situations. In Chapter 3 the methodology and instrumentation used in an 
interception loss study based on a volume balance approach are presented. The results 
obtained from the experimental data on the interception loss study based on the 
volume balance approach are described in Chapter 4, Subchapter 4. 1, and in 
Subchapter 4.2 the results are discussed. Chapter 5, which is concerned with an 
interception loss study based on a mass exchange approach, is divided into five 
subchapters: the first is the introduction, the second deals with the methodology and 
instrumentation used in the experiment, the third is concerned with the procedure 
adopted to derive canopy parameters and to examine some of the assumptions of the 
volume balance approach, the fourth deals with the results of the experiment and in 
the fifth the results are discussed. In Chapter 6 the modelling of interception loss with 
respect to agroforestry situations is presented. Finally, in Chapter 7, the results and 
findings from the two independent methods of interception loss study and the final 
modelling are discussed and consequent conclusions are made. 
1.4. The experimental site 
The site selected for the experiment is at Cloich, part of the Forestry 
Commission Glentress Forest, 32 km south of Edinburgh, UK, 55 0 42'N and 03 0  
16' W. 
The area was drained and planted with coniferous tree species from 1962 
onwards. The site lies at an elevation of 400 m above sea level and receives a mean 
annual rainfall of 1000 mm. The land slopes gently to the east with a slope of 
approximately 10 degrees. A single mouldboard Cuthbertson plough was used 
within each plot at 2 m spacing and to a depth of 600 mm in an E-W direction for 
drainage. Figure 1.1 shows location of this area. 
Figure 1.1. Location of the experiment site 
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The experimental plots are located on a site of 2.4 ha situated in the middle of an 
area of plantations of Sitka spruce (Picea sitchensis (Bong.) Carr.) planted in 1970. 
The site was established as an agroforestry experiment by the Macaulay Land-Use 
Research Institute, the Forestry Commission and the University of Edinburgh in early 
1986. Three spacing treatments have been created by thinning out the existing Sitka 
spruce plantation (2 m spacing) to 8 m, 6 m and 4 m, respectively. The area of each 
of the widely spaced plots is 0.8 ha in size. 
The site is fenced and is not open to the general public and therefore provided a 
secure area in which to carry out the experiment. As the plots cover a wide range of 
spacings, which is the primary need for this experiment, are sited on identical, 
uniform ground, have had similar nutrient treatments, are the same age and are also 
close to each other, they provided an ideal situation for this comparative study of the 
influence of spacing on interception loss. 
The fenced site which encloses all the four treatment plots is bounded by 
unthinned plantations of the same species and age in all directions except to the north 
of the 8 m spacing plot, which is separated from the neighbouring forest plantation by 
an opening that is 100 m wide running form northwest to southeast of the site, and to 
the east of the 6 m spacing plot, which is also separated from the neighbouring forest 
plantation by a forest road 20 m in width running from north to south of the site. 
In 1988 the average height of the trees was 10.0 m , the average diameter at 
breast height 15.0 cm and the average radius of the crown 2.0 m. There are about 
156, 277, 625 and 3000 trees per hectare in the 8 m, 6 m, 4 m and 2 m (unthinned) 
spacing stands, respectively. The distribution of the trees in each plot are given in 
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MODELLING OF RAINFALL INTERCEPTION LOSS 
2.1. Introduction 
The physical process of interception loss has frequently been expressed in the - 
form of a linear regression equation that is a function of the form (Gash, 1979): 
I=x +YPg 	 (2.1) 
where 	x is the intercept of the regression, and 
y 	is the regression coefficient. 
This simple empirical regression model describes the relationship between 
interception loss and gross rainfall but does not take into account the effects of 
differences in rainfall intensity, duration and distribution, seasonal changes or the 
relative contributions of weather variables and vegetation characteristics enumerated 
in the preceeding discussion. 
Such an equation or model can be used either to describe sets of storm data or, if 
it is assumed that there is only one rainfall event per day, to describe daily 
interception loss as a function of daily gross rainfall (Gash, 1979). Comprehensive 
reviews by Zinke (1967) and Blake (1975) show the dominance in the hydrological 
literature of this simple regression approach. Helvey and Patric (1965a), reviewing 
studies in hardwood forests in the eastern United States, found sufficient similarity to 
permit generalization into separate regression equations for winter and summer. 
However, variation between regions, and even within regions, not to mention 
species, does not make this possible on a more extensive scale. 
Rutter et al. (1971) and Jackson (1975) criticized this simple linear regression 
approach for trkin 4 no account of such variables as rainfall intensity and duration and 
the interval between storms. Jackson used multiple regression analysis with rainfall 
duration and intensity as additional variables whereas Rutter and his colleagues used a 
model which included additional variables which describe the physical characteristics 
of the canopy. Jackson, however, found a situation of increasing complexity as more 
differing storm situations were considered. While the multiple regression approach 
recognizes the influence of rain storm characteristics, the equation still remains 
empirical, making no allowance for the physical characteristics of the canopy or for 
other prevailing environmental variables. This emphasizes the need for the more 
rigorous modelling approach, explaining the physical basis of the rainfall interception 
process, developed by Rutter et al. (1971, 1975, 1977) and Gash (1979), which is 
discussed in the following sections. 
2.2. Rutter model 
The most significant contribution to the understanding of the physical processes 
of interception loss is the model developed by Rutter and his colleagues (1971, 1975, 
1977). In this model, a running water balance is calculated for the canopy and tree 
stems using data inputs of rainfall and the meteorological variables controlling 
evaporation, i.e. net radiation, windspeed, air temperature, and water vapour 
pressure. 
In the model, the canopy is regarded as having a capacity to store water on its 
surface, which is filled by rainfall and emptied by evaporation and drainage, which is 
illustrated in Figure 2.1. 
With k T, and las rates of rainfall, throughfall and evaporation, and I R, IT, 
and Y.E as totals of these components in a given time (i.e. rate x time), the total 
interception loss in a storm (i.e. the water intercepted and evaporated, between the 
time when rain begins to fall on a dry canopy and the time when the canopy is finally 
dry again) is: 
I=E=R-IT. 	 (2.2) 
The proportion of rain falling through the canopy without striking any surface is 
the "free throughfall coefficient" p, and so the water balance for any period within a 




where YD is the amount of water draining from the canopy (D is the rate of 
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drainage), and A C is the change in the amount of water, C, stored on the canopy. 
Throughfall is, therefore, calculated as: 
Y.T=pY.R +D. 	 (2.4) 
There is a minimum quantity of water required to wet the canopy, the canopy 
storage capacity, 5, of Zinke (1967), following Horton (1919), or canopy saturation 
value of Leyton et al (1967). S is analogous to soil field water capacity and, as in the 
case of soil, the canopy may hold more water which may be released under gravity 
unless evaporated first. The term storage capacity can, therefore, be misleading and 
should not be perceived as the maximum amount of water the canopy can hold (i.e. 
including free water): thus C may have value larger or smaller than S. 
The rate of drainage is calculated as: 
D =Dsexp[b(C 5)] 	 (2.5) 
where 	D is the drainage rate, 
C is the depth of water on the canopy, 
S is the canopy storage capacity, 
D 5 is the drainage rate when the depth of water on the canopy C is 
equal to the canopy storage capacity S, and 
b is a drainage coefficient which defines the rate of increase in 
drainage with depth of water on the canopy. 
The Rutter model is based on the assumption that there is a potential evaporation 
rate E which obtains when all canopy surfaces are wet, (i.e. when C > 5). When 
C-SS, it is assumed that: 
E=E .CIS. 	 (2.6) 
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THROUGHFALL 
Figure 2.1. The conceptual framework for the Rutter model (redrawn from GasI 'nd 
Morton, 1978). Pg is gross rainfall, E is evaporation rate, E p is 
potential evaporation rate, S is canopy storage capacity, C is the depth 
of water on the canopy, D is the drainage rate, D5 is the drainage rate 
whenC =S, Pt  is the proportion of rain diverted to stemfiow, S t is the 
stem water capacity and Ct is the depth of water on the stems, b is a 
parameter which describes the drip from the canopy. 
17 
When mean surface temperature of the canopy is known, the rate of evaporation 
of intercepted water is calculated from: 
E = p cAr, (e*(Ts) - ea) / ('yA ra). 	 (2.7) 
When surface temperature is not known, the Penman equation is used (Penman, 
1948): 
E = [s R + p Cp (e*(Ta) ea)/ra] / ( (s + )) 	 (2.8) 
where 	p 	is density of air, 
cp 	is specific heat of air at constant pressure, 
e*(Ts) is saturation vapour pressure of water vapour at canopy surface 
temperature (T5), 
e* (Ta) is saturation vapour pressure of water vapour at air 
temperature (Ta)  at the reference height, 
ea 	is partial pressure of water vapour in air at the reference height, 
A. 	is latent heat of vaporization of water, 
y 	is the psychrometric constant, 
ra 	is the aerodynamic resistance between canopy surface and 
reference height, 
S 	is slope of the saturated vapour pressure curve at 0.5(T s+Ta), 
• and 
R 	is the net short and long wave radiation absorbed per unit area 
of stand. 
Regarding stemilow, it is assumed that a constant proportion, Pt'  of the rainfall 
goes to that part of the branch system which drains to the trunks and the storage 
capacity of this branch and trunk system is S. The potential rate of evaporation, Et 
from this store is assumed to be linearly related to E by a coefficient e, which is a 
constant for a particular stand (Rutter et. al., 1977), i.e. 
'U 
Ept 	 (2.9) 
The Rutter model was developed in a stand of Pinus nigra in south-eastern 
England. The model has been successfully tested against data from coniferous 
plantation forest in Great Britain (e.g. Gash and Morton, 1978; Gash et al., 1980), 
and from Amazonian rain forest in Brazil (Lloyd et al. 1988), and forms the basis of 
Calder's (1977) interception model, WA1'MOD of the New Zealand Forest Research 
Institute (Whitehead et al., 1989) and the interception component of the Système 
Hydrologique European (Bathurst, 1986). The model has been established as 
physically sound and widely applicable. 
23. Gash model 
To relate to simple hydrological models such as eq.(2.1), Gash (1979) 
developed a semi-empirical simplification of the Rutter model. The Gash model 
acknowledges some of the assumptions implicit in the approach of the regression 
models and includes much of the fundamental reasoning explicit in the Rutter model. 
Gash explored the physical basis of the simple regression equation and showed how 
the coefficients can be interpreted in terms of mean evaporation rate from the wet 
canopy, mean rainfall intensity and duration, and the amount of water stored on the 
vegetation surfaces (i.e. forest structure parameters). The coefficients in the 
regression equation (2.1) are interpreted as: 
x =S (modified by p, E and ) 	 (2.10) 
y =E 1k (implying that it is a constant) 	 (2.11) 
where 	? is mean evaporation rate, and 
W is mean rainfall rate over the period of a storm. 
The Gash model is created by making the primary assumption that it is possible 
to represent the rea. rainfall pattern by a series of discrete storms separated by 
intervals sufficiently long enough for the canopy and the trunk to dry between the 
storms. With these simplifying assumptions, the procedure then adopted is to 
perform an analytical integration of the total evaporation loss of intercepted rainfall, 
by replacing the actual rate of rainfall and evaporation applicable to each storm by 
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average rates deduced for all storms. In order to carry out this analytical integration 
procedure, two further simplifying assumptions are introduced. These are: 
that meteorological conditions during wetting-up of the canopy are 
similar to those for the rest of the storms. The mean conditions of rainfall 
and evaporation, over all storms in the period, can be applied to these 
transient conditions, and 	 - 
there is virtually no drip from the canopy during wetting-up; and the 
amount of water on the canopy at the end of the storm is slowly reduced 
(<20 - 30 minutes) to S. the minimum value necessary for saturation, 
independent of the initial value when rain ceased. 
For any storm, j , the Gash model has, therefore , the following analytical form: 
i=u 	'g 
+ 






water lost during wetting of canopy (biggest 
storms) 
evaporation from saturation until end of 
rain 
water evaporated during wetting-up the 
canopy (small storm events) 
evaporation of trunk water (large storm 
events) 
Pt zpgj 	 evaporation of trunk water (small storm 
events) 	 (2.12) 
where 	n 	is number of storms which saturate the canopy, 
P 'g  is amount of rain necessary to saturate the canopy, 
M is number of storms insufficient to saturate the canopy, 
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q 	is number of storms above the critical rainfall, S 'Pt'  necessary to 
fill the trunk store. 
In application of the Gash model it is assumed that there is only one storm each 
day and consequently daily records are used to provide the inputs to the model in 
contrast to the Rutter model which requires hourly inputs of meteorological variables. 
The Gash model is, therefore, a considerable simplification. 
The Gash model was developed by Gash (1979) using data from Thetford forest 
in south-eastern England. It has also been successfully tested against data from 
coniferous plantation forest in Great Britain (Gash et al., 1980), from an oak 
plantation in the Netherlands (Dolman, 1987), from mixed evergreen forest in New 
Zealand (Pearce and Rowe, 1981), and from Amazonian rain forest in Brazil (Lloyd 
etal., 1988) 
2.4. Modelling with respect to tree spacing 
Most of the investigations of interception loss discussed in ihe preceeding 
sections have been confined to comparisons of the magnitude of interception loss by 
closed canopies of different species of trees with little variation in tree spacing. 
Although there have been a few studies aimed at finding out effects of different 
intensities of thinning, pruning and logging on interception loss, the removal of trees 
to create the treatments has been restricted to merchantable timber trees so that the 
plots where the experiments were carried out contained small and unmerchantable 
trees. In almost all such studies, too, stemfiow was neglected (Wilm, 1943; Wilm 
and Dunford, 1948; Reinhart and Eschner, 1962; Rogerson, 1967). Spacing per se 
has not been a variable in any study. 
The Rutter model, on the other hand, as applied in WATMOD by Whitehead et 
al. (1989) has been used to examine the effects of thinning on interception loss. The 
model uses the assumption that boundary layer conductance (m s 4) is unaffected by 
spacing and is always 0.1 times windspeed (m s 1)  at tree top height (Jarvis, James 
and Landsberg, 1976) in all spacings. This assumption is based on the expectation 
that the air above a tall forest is well-mixed by large scale turbulence in the planetary 
boundary layer, such that small scale changes in stand architecture and energy balance 
do not significantly affect the meteorological variables measured above the forest 
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canopy or the transfer processes (McNaughton and Jarvis, 1983). The boundary 
layer resistance, rag  or conductance, g'  is undoubtably the most important feature of 
forest canopies leading to high rates of interception loss (Jarvis and Stewart, 1978). 
We know that boundary layer resistance is dependent on properties of the vegetation 
to some degree and that interception loss is very sensitive to boundary layer resistance 
(McNaughton and Jarvis, 1983), which we may expect to be different for different 
tree spacings. 
It is often assumed that the mass transfer canopy boundary layer resistance may 
be calculated from the well known momentum transfer equation (Monteith, 1965) of 
the form: 
ra = 11k 2u[ln (z-d)/z 0]2 
	
(2.13) 
where 	k is von Karman's constant, 
z is the reference height above the forest canopy where windspeed is 
measured, 
zo is aerodynamic roughness length of the underlying forest 
canopy surface, 
d is zero plane displacement height of the forest, and 
u is windspeed at reference height z. 
The introduction of zo and d in the log-profile equation is well established; they 
are commonly used as descriptive parameters, the physical significance of which has 
never been quite clear (Jacobs and Schols, 1986).There are several physical 
interpretations made for the parameters. Usually, z0 is interpreted as a length scale 
that characterizes the efficiency of removing momentum from the flow and d is 
interpreted as the effective level of the underlying surface (Jacobs and Boxel, 1988). 
Thom (1971) suggested, for example, on the basis of wind tunnel experiments, that d 
could be identified with the mean height in the vegetation on which the bulk 
aerodynamic drag acts. Shaw and Pereira (1982) checked this hypothesis in a 
numerical experiment and found agreement. Several models for the interpretation of 
these parameters have also been developed. 
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Most models to estimate z0 and d are based on a matching technique; the wind 
profile above the canopy is matched at the interface with the flow regime within the 
stand (Seginer, 1974). One of the earliest physical models used to calculate z0 was 
that of Lettau (1969), in which a simple geometrical description was given of the 
mean roughness elements. As a first rough estimate of z o for widely spaced objects, 
Lettau (1969) proposed the simple relation: 
z0 =O.5 hA e 
	 (2.14) 
where 	h is the height of the vegetation, 
Xe is the element density, and 
e =Se /A e 
where 	Se  is the silhouette area of the average roughness element, and 
Ae  is the area occupied by the individual roughness element. 
So for stiff obstacles such as forest trees, a linear (or non-linear) relation 
between z,/h  and 5e /A e  is to be expected. Arya (1975), in a study of drag partition 
for flow over regular arrays of roughness elements, found z0 to be a function of the 
height, the element density, and the shape and slenderness of the elements concerned. 
Utilizing roughness arrays of varying density and distribution, Marshall (197 1) also 
demonstrated the dependence of z0 upon h and 'e  Their results, together with those 
from additional studies of Lettau (1969) and Wooding et al. (1973), have been 
summarized by Garratt (1977) to give the continous curve in Figure 2.2. shown 
below. 
Aerodynamic properties of coniferous tree stands in relation to thinning are also 
being measured in Britain and the results of the unpublished data indicate that both d 
and z0 change with change in stand density (Miller, 1985). However, the experiment 
is severely limited in the range of stand densities that it covers. 
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These results, which support Lettau's model, suggest and provide strong 
evidence that boundary layer resistance is dependent on tree spacing. Although all the 
models developed to describe the aerodynamic properties of plant canopies contain 
the most important geometrical parameters of the stand like canopy height and stand 
density or tree spacing, z0 and d are only easily estimated for a closed canopy and 
even then they are quite variable (Jarvis, James and Landsberg, 1976). There is 
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Figure 2.2. Variation of zJh with roughness element, I, (redrawn from Garratt, 1977) 
based on results of Kutzbach (1961), Lettau (1969) and Wooding et al. 
(1973). The shaded area indicates uncertainty in z,/h for a given A e'"  the 
mean curve is applied to natural surfaces. The lettering code is as follows: a, 
trees (20-30 m spacing); b, trees (5-10 m spacing); c, wheat (early in 
season); d, wheat (late in season); e, pine forest; f, vineyard (flow parallel to 
rows); and g, vineyard (flow normal to rows). 
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2.5. Determination of model parameters 
In an analysis of an ecological system for modelling purposes, four important 
types of variables can be identified (Mulder, 1985): 
state variables, which characterise and quantify all conserved properties 
of the system and are quantities which the model produces as outputs for 
the user, 
rate variables, which quantify the rate of change of the state variables, 
driving variables, which characterise influences from outside the 
system, and 
auxiliary variables, which are chosen to elucidate the calculation 
process of complicated processes underlying some rate variables. 
Applying this approach to analysis of the interception loss process, the variables 
that are recognised by both the Rutter and Gash models discussed in the previous 
sections, and which are considered to be relevant to this project, are the following: 
state variables - 
	
	the amounts of intercepted water, of 
throughfall and stemfiow, 
rate variables - 	the rates of drainage, of rainfall striking the 
vegetation and of evaporation from the 
canopy and the trunk, and the canopy and 
the trunk parameters, 
driving variables - 	net radiation, saturation deficit, windspeed, 
temperature, and gross precipitation -, and 
the auxiliary variables - aerodynamic resistance - used in the 
calculation of evaporation rate. 
These variables have been determined by Rutter and Gash, as well as several 
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other previous investigators, using several different approaches which are discussed 
below. 
2.5.1. Canopy storage capacity 
The canopy storage capacity, S, as already defined, is the amount of water 
present on the canopy in conditions of zero evaporation, when throughfall has ceased 
(Gash, 1979). 
Following the method of Leyton et al. (1967), canopy storage capacity is 
indirectly determined by plotting throughfall against gross rainfall. The inflexion 
point, which is a point above which throughfall is assumed to be linearly related to 
gross rainfall, is defined visually. As suggested by Leyton et al. (1967), ignoring 
storms with gross rainfall less than the inflexion point, a boundary line is drawn to 
encompass all the remaining data points, the assumption being that evaporation may 
pull some points down below the boundary line. The intercept of the boundary line 
on the throughfall axis is, therefore, read from the diagram to give the value of 
canopy storage capacity. 
For direct measurement of canopy storage capacity, several other methods have 
also been developed by previous investigators of interception loss. Hancock and 
Crowther (1979) developed a method of measuring canopy storage capacity by using 
the bending of branches in response to added surface water: in effect using the 
branches as cantilever weighing-machines. Rutter (1963), Herwitz (1985) and 
Hutchings et al. (1988) determined canopy storage capacity by comparison of the 
weights of sampled dry and artificially wetted branches. Olszyczka and Crowther 
(1981) and Calder and Wright (1986) used gamma-ray attenuation by dry and wet 
canopies to determine canopy storage capacity. Aston (1979) measured canopy 
storage capacity by weighing a tree which is cut and suspended on a balance 
arrangement under a rainfall simulator in the laboratory. A novel method developed in 
this study will be described later. 
2.5.2. Free throughfall coefficient 
The free throughfall coefficient, p, is the proportion of rain which falls to the 
ground without striking the canopy, and is also determined from the throughfall data. 
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The measured throughfall in small storms insufficient to saturate the canopy is 
regressed against gross rainfall. All throughfall is assumed to have precipitated 
through the gaps in the canopy in proportion to the free throughfall coefficient, which 
is obtained as the slope of the regression, as the canopy is never saturated under these 
conditions. 
2.53. Drainage parameters of the canopy 
The drainage parameters required (see eq.2.5) are the drainage rate, D5, when 
C=S and the drainage coefficient, b. As suggested by Rutter et al. (1971), they may 
be determined for other tree species by modifying the values they derived for a 
canopy of Corsican pine (Pinus nigra (A.t.) Melville). 
According to Rutter et al. (1971), when the depth of water on the canopy was 
equal to the canopy storage capacity, the drainage rate was equal to 0.002 mm min- 1 
and when the depth of water on the canopy exceeded the canopy storage capacity the 
drainage coefficient was determined to be 3.7 for the Corsican pine canopy. For other 
canopies with different canopy storage capacities, the values of drainage rate, D 5, and 
the drainage coefficient, b, can be determined using the relations 3.91 x 10 S and 
3.89/5, respectively, where S is the value of canopy storage capacity in mm (Rutter 
and Morton, 1977). 
2.5.4. Trunk parameters 
A similar indirect method to that used for estimating canopy storage capacity is 
used for estimating the trunk storage capacity, S, and the proportion of rain diverted 
to stemfiow, Pt  (Robins, 1974; Zinke, 1967). These parameters are determined from 
stemfiow data for individual storms which are regressed on gross rainfall: the trunk 
storage capacity is obtained as the negative intercept and the proportion of rain 
diverted to stemfiow as the slope of the regression. 
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2.5.5. Evaporation rate from the canopy 
The evaporation rate of intercepted water, E1, is assumed to be equal to the 
potential evaporation rate, E P
, calculated using the Penman equation, when the 
canopy is saturated. When the canopy is unsaturated, the evaporation rate is estimated 
by reducing the potential evaporation rate by the ratio of the water on the canopy, C, 
to the canopy storage capacity, S, (see eq.2.6). 
2.5.6. Evaporation rate from the trunk 
According to Rutter et al. (1975), considering the canopy boundary layer 
thickness, ventilation and exposed areas of trunks, the potential evaporation rate per 
unit ground area, Et.  from trunks is less than 10% of the potential rate, E from the 
canopy. The main component of evaporation from the trunks is the slow evaporation 
of the stored water during the hours or days following a storm. It is, therefore, 
assumed that E and Ept are related by a constant factor, e, (see eq.2.9). 
The value of the coefficient e is obtained from steniflow data which are large 
enough to cause stemfiow which will be described later. 
By analogy with the assumption made in the canopy water balance, the actual 
evaporation rate from the trunks, Et.  is reduced below the potential rate when the 
trunks are not saturated, as follows: 
Et =Et.Ct/St) 	 (2.15) 
where C is the surface water content of the trunks (Rutter et al., 1975). 
2.5.7. Aerodynamic resistance or boundary layer conductance 
As already mentioned in the previous discussions, the aerodynamic resistance is 
the most important feature of the forest canopy for the evaporation of intercepted 
water. 
Previous investigators (Rutter et al., 1975; Gash, 1979) have determined the 
aerodynamic resistance of closed forest canopies from the windspeed and surface 
roughness parameters using the relationship given in eq.(2.13), which assumes that 
effects of stability (Thom et al., 1975) and effects of bluff body forces etc. (Thom, 
1971, 1972) are either compensating or negligible. 
When it comes to wide tree spacings, as applied in agroforestry systems, good 
estimates of the zero plane displacement; d, and the roughness length, z0 , have not 
been made. Relations established by Lettau (1969) and Kondo et al. (1988) are not 
really applicable to agroforestry stands and the estimates of z0 made by Garratt (1977) 
(see Figure 2.2) are too approximate to be useful in a particular situation. 
L Graphical method 
Aerodynamic resistance or the boundary layer conductance can indirectly be 
calculated by inverting the Penman equation for evaporation if the evaporation rate is 
known. To use the Penman equation, all the appropriate variables have to be known, 
some of which, such as the net radiation, are very difficult to measure or estimate in 
agroforestry situations. In the absence of information on net radiation, the boundary 
layer conductance can be estimated in the following manner. 
Substituting for c/Ayby Mw/PMa  and/or sly by e in the Penman equation (see 
eq.(2.8)), E1 (in nc3 m2 1)  can be expressed as: 
E1 = eR4(e+1)Ap]+ 	 (2.16) 
which can be represented by a linear equation of the form: 
E1=a+iD/PI  
where 	a is the term containing the net radiation, 
i 	is the term containing the boundary layer conductance, and 
Dvjj s vapcvir pressure deficit. 
The term i can be written as: 




ga= i(E+l)Pw/(0.622Pa), 	(m s4 ) 
	
(2.18) 
where 	PW is 	the density of water (1000 kg m 3), 
Pa 	is 	the density of air (1.2 kg m 3), 
P is 	atmospheric pressure, and 
0.622 is the ratio of the molecular weights of water and air. 
C 	is 	the rate of change of the latent heat content of air with 
respect to the sensible heat content. 
Therefore, by plotting E1 against D IP, i is found as the slope of the line andVP 
solved to give the boundary layer conductance, ga'  using eq.2.18. For this purpose, 
E1 is obtained indirectly from the relation (Horton, 1919): 
E1=I/t 	 (2.19) 
where t is the duration of rainfall. 
As the above relation in eq.(2.19) is only true for storms large enough to 
saturate the canopy, interception loss is estimated using the data of gross rainfall, 
throughfall and stemfiow of large storms. By taking the duration of the storm, 
evaporation rate for each storm can be calculated. 
ii. Averaging method 
Boundary layer conductance can also be estimated using a simplified Penman 
equation in which the net radiation containing term is ignored, on the assumption that 
net radiation can be regarded as negligible in rainy conditions, i.e. 
ga = ((e + 1)1000 E1P )/ (0.622 X 1.2 Dvp).  (m 1 ) 	(2.20) 
To determine the above-mentioned parameters with respect to spacing, the 
variables from which these parameters are derived have to be measured. In this 
experiment, two approaches have been followed for this purpose and they are 
discussed in detail in the subsequent chapters. 
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CHAPTER 3 
AN INTERCEPTION STUDY BASED ON A VOLUME BALANCE 
APPROACH 
3.1. Background 
As explained in the preceeding discussion, interception loss is indirectly 
measured as the difference between gross rainfall falling on the vegetation canopy, 
and net rainfall which reaches the ground as throughfall and stemfiow beneath the 
canopy. This can be expressed by the equation: 
I = Pg - Pn 
	 (3.1) 
where 	P is net rainfall. 
It is apparent from this equation that interception loss can be obtained indirectly 
by subtracting throughfall and stemflow from gross rainfall which can be measured 
directly. Traditionally, there has been no direct method of measuring interception 
loss. Therefore, to estimate interception loss, gross rainfall, throughfall and stemflow 
have to be measured as accurately as possible, as they dictate the accuracy of the 
estimate of interception loss. 
Gross rainfall can be measured either above the forest canopy or in a forest 
clearing. Since measuring rainfall above the canopy is known to be prone to error 
because of the modification of the airflow around the gauge, especially when 
windspeeds are high and raindrop size is small (Robinson and Rodda, 1969; Mueller 
and Kidder, 1972), measurement of gross rainfall in a forest clearing is to be 
preferred. 
When the study area is very large with a diverse topography, a large number of 
gauges is necessary to sample the spatial variation. In most experiments, the number 
of gauges has been chosen arbitrarily, an approach which does not appear to be 
satisfactory. Instead, Helvey and Patric (1965b) have suggested the use of the t-test 
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to determine the number of gauges. However, when the study area is small and large 
differences in elevation do not occur, two raingauges can be considered sufficient 
since rainfall is most likely to be distributed fairly evenly over the plot concerned. 
A forest canopy is generally a rather uneven and complex structure with 
numerous branches and leaves. Unless it is extremely dense, every forest canopy has 
openings and gaps of varying sizes through which raindrops can pass directly 
without touching any obstacle. Since the sizes and exact locations of these gaps and 
openings are unevenly distributed, so is the penetration of rainfall. Added to this is 
the uneven and random distribution of intercepted water falling off branches, twigs 
and leaves. Thus the distribution of throughfall is spatially variable, as has been 
reported by many investigators. Therefore, in the measurement of throughfall, a 
major concern is to design a sampling procedure which ensures that all the variation is 
adequately sampled. 
To measure throughfall, various types of gauges and sampling methods have 
been used. Since large numbers of gauges are often used in throughfall sampling, the 
use of commercial raingauges is often not economic and improvised gauges, such as 
cans and funnels, are commonly used. In the measurement of throughfall using such 
gauges, the efficiency of sampling, which is dependent on the number of gauges and 
their total receiving area, is crucial. Therefore, in order to sample the spatial 
variability effectively, large numbers of such gauges are often used. This sampling 
method can, however, also be used for studying the pattern of throughfall under the 
forest canopy. 
If the purpose of throughfall measurement is to obtain a mean throughfall value, 
the use of a large number of gauges can sometimes be avoided by increasing gauge 
size so as to integrate the spatial variability over a larger area (Reynolds and Leyton, 
1963). Reynolds and Leyton (1963) used rectangular troughs with a collecting area of 
1.0 x 0.7 m, i.e. forty-four times that of the 1.26 x 10 m 2 standard raingauge. 
Reigner (1964) found that troughs were efficient samplers of throughfall and in the 
majority of the studies of interception, troughs have been used (Leyton et al., 1967; 
Fedorov and Rogotskaya, 1971; Rutter et al., 1971). The use of troughs does, 
however, suffer from a number of disadvantages, the most important of which are 
difficulties in calibrating or correcting for splash (Reigner, 1964), the large number of 
troughs that are still needed, and the difficulties in positioning troughs. An alternative 
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to troughs is the use of plastic sheet gauges which collect throughfall over a still 
larger area and largely avoid these problems by reducing the ratio of perimeter to 
collecting area (Calder et al., 1976). 
Stemfiow has been measured by previous investigators using a variety of 
materials to construct collars to channel the water into containers. Voigt (1960) used 
aluminium sheet and more recently Ford and Deans (1978) used expanded mastic 
strips. Variability amongst trees with respect to crown properties and size also leads 
to variability in stemfiow. The trees on which stemfiow is measured have often been 
chosen randomly (e.g. Rutter, 1963; Orr, 1972), whereas sampling stratified with 
respect to tree size may take account of much of the variability. 
To estimate interception loss following the above-discussed traditional volume 
balance approach, similar methods as employed by previous investigators have been 
used in this project and are discussed in detail in the following sections. 
3.2. Experimental design and instrumentation 
Rainfall interception in Sitka spruce was measured indirectly using the volume 
balance approach through the measurement of gross rainfall, throughfall and 
stemfiow in all the four treatment plots. In 1987, the first year of the project, a pilot 
study was carried out to assess the efficiency of the instruments and sampling 
techniques required for accurate measurement. Based on the assessment of the 1987 
pilot study period, the main measurements were carried out in 1988. 
All the instruments of the experiment, which are discussed in the following 
sections, were located towards the centre of each treatment plot to reduce edge effect. 
Climatic variables were measured at a meteorological station above grassland at 
a nearby location by the Macaulay Land-Use Research Institute. 
3.2.1. Measurement of gross rainfall 
As the study area is small and there is not much difference in elevation, it was 
assumed that the rainfall is distributed fairly evenly over the area. Gross rainfall was, 
therefore, measured in the clearing to the north-east of the plots with two 127 mm 
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diameter standard, storage raingauges (British Met. Office Mk. 2), one 203 mm 
diameter siphon-type rainfall recorder (Casella, U.K.), one 0.25 mm tipping bucket 
rain gauge (Model 2501, Sierra-Misco, Inc., California), one 0.20 mm tipping bucket 
rain gauge (Model ARG100, Campbell Scientific Inc., Loughborough, U.K.) and 
0.25 mm tipping bucket rain gauge (Model TE525, Texas Instruments, Inc., Texas) 
in the pilot study to determine what instruments and sampling intensity were required 
for accurate estimate of gross rainfall falling on the area. 
The tipping bucket rain gauges were used to assess hourly rainfall rate and to 
define the duration of each storm required for modelling purposes in addition to 
obtaining gross rainfall. The three types of tipping bucket rain gauges were used in a 
comparative test to examine their accuracy for measuring rainfall. The test took three 
and a half months and was carried out both in the laboratory and in the field. 
Model ARG100 was installed from 7th July to 11th August, model 2501 from 
17th August to 29th  September and model TE525 from 29th  September to 26th 
October. The two standard rain gauges were installed with their rim 300 mm above 
the ground and placed 200 m apart along the forest clearing. The tipping bucket rain 
gauges were also installed with their rim 300 mm above the ground and each was 
placed adjacent to one of the standard rain gauges. Data from the tipping bucket 
gauges were recorded at 10 minute intervals on a data logger (Delta, Delta-T Devices 
Ltd., Cambridge, U.K.). The data were retrieved from the logger by means of a 
Epson HX-20 portable computer (Epson UK Ltd., Middlesex, U.K.) every week. 
Data for the same period were read manually from the two standard rain gauges using 
a 10 mm graduated measuring cylinder and data from the siphon-type rainfall recorder 
were taken off a chart. The accuracy of gross rainfall measurement by the three 
tipping bucket rain gauges was tested by comparing the rainfall data from the two 
standard rain gauges and the one siphoning rain recorder as shown in Table 3.1 
below. As the siphon rain recorder was not installed during the first month when 
model ARG100 was installed, the accuracy of measurement for all periods has been 
calculated from the mean of the two standard gauges. 
As can be observed from the table, model 2501 over-estimated the rainfall in 
weeks 7 and 8 during which strong gale force winds might have caused the bucket to 
bounce as a result of vibration. This may have occurred because of the gauge's long 
mounting legs which make it prone to such an effect. On the other hand, the rainfall 
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measurement errors of the other weeks of all three tipping bucket gauges appear to be 
within reasonable limits. From a practical point of view, however, model 2501 was 
rated more convenient to operate in terms of calibrating and mounting the instruments 
and model ARG100 more convenient to level, as it is provided with its own internal 
bubble for levelling. 
Table 3.1. Comparison between rainfall gauges 
WEEK DATE SIPHON RAIN STANDARD RAIN GAUGE 
NO 	 RECORDER 
Nol 	No2 	MEAN 
TIPPING BUCKET 
RAIN GAUGE 
MM % Accuracy * 
MODEL ARG100 
1 	1317/87 * 39.1 37.5 383 37.0 -3.4 
2 2017/87 * 36.2 33.5 34.8 33.4 -4.1 
3 	3017/87 * 23.5 22.1 22.8 22.6 -1.0 
4 11/8/87 * 12.5 11.5 12.1 12.0 -1.0 
TOTAL * 111.3 104.6 108.0 105.0 -2.8 
MODEL 2501 
5 	22/8/87 15.1 15.0 13.1 14.1 14.2 +14 
6 27/8/87 26.5 24.0 21.5 22.7 23.0 +1.0 
7 	08)9/87 * 30.8 29.5 30.1 34.0 +12.7 
8 15/9/87 22.2 23.0 22.5 22.7 26.5 +16.4 
9 	22/9/87 30.0 30.2 30.8 30.5 30.7 +0.8 
10 29/9/87 9.5 9.3 8.8 9.0 9.2 +2.2 
TOTAL * 132.3 126.2 129.2 137.7 +6.5 
MODEL TE525 
11 	12/10/87 283 27.3 27.6 27.4 28.2 +2.9 
12 19110/87 41.0 43.6 44.0 43.8 43.2 -1.3 
13 	26/10/87 21.0 21.5 23.0 22.2 21.5 -3.4 
TOTAL 90.3 92.4 94.6 93.5 93.0 -0.6 
* Accuracy calculated from the mean gross rainfall value of the two standard rain 
gauges 
On the basis of this comparison, it was decided to use model ARG 100 for 
subsequent measurement of gross rainfall. Measurement of gross rainfall during the 
remaining pilot study period of 1987 was continued using model ARG100, along 
with the two standard gauges and the siphoning rain recorder to investigate variability 
in the measuremeitt of rainfall (Plate 3.1, 3.2). Eventually, the data from the 
siphon-type rainfall recorder were discarded because of missing values for some of 
the weeks when the instrument failed to record the reading because of malfunctioning 
of the clock or the wrong setting of the chart. The data from the other three 
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measurement sources gathered over nine weeks from 15t h September 1987 to 8th 
December 1987 were used to determiiie the number of gauges required, using the 
t-test. 
The values of the sample standard deviations in Table 3.2 indicate that there 
were no significant differences between the weekly readings of gross rainfall from the 
gauges. Based on the standard deviations in Table 3.2, -the number of gauges 	- - 
required to obtain reliable mean gross rainfall estimates with ±5% error at 95% 
probablity level is 3 which indicates that the initial sampling with 3 gauges was 
satisfactory. Thus, the same two storage standard rain gauges and one 0.20 mm 
tipping bucket rain gauge (Model ARG100) were used during the 1988 measurement 
period. In addition a model ARG 100 was modified to obtain rainfall data of higher 
resolution and installed as an insurance to ensure that adequate continuous gross 
rainfall data were obtained in the event that data from one of the other gauges were 
lost. A 0.20 mm tipping bucket rain gauge (model ARG 100) was modified by fitting 
a larger diameter funnel on top of its own funnel to increase the resolution to 0.10 
mm. Because of its unreliability, the siphon-type rain recorder was not used for the 
1988 measurement period. 
Table 3.2. Analysis of gross rainfall measurement in the 1987 pilot study. n is the 
number of gauges already used. 
WEEK DATE 	 MEAN 	ST DEV 
NO 	 fl 	 Pg 
MM 
1 	22/09/87 3 30.5 032 
2 29/09/87 3 9.1 0.26 
3 	12/10/87 3 27.3 030 
4 26/10/87 2 21.7 035 
5 	02/11/87 2 10.4 0.07 
6 09/11/87 3 4.5 0.37 
7 	16/11/87 2 16.9 0.07 
8 24/11/87 2 16.9 035 
9 	08/12/87 3 27.5 0.50 
Measurement with these gauges commenced on the first week of May 1988 and 
continued until the end of October 1988, with only short interruptions resulting from 
data-logger failure. 
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As the ground within the treatment plots was uneven, positioning the gauges at a 
regular height was difficult. This problem was solved by using wooden stakes 10 
mm x 50 mm x 1 in in size. A galvanised iron bracket (50 x 100 mm) was screwed to 
the middle of the stake. All the stakes were driven into the ground at their 
predetermined positions on the radius so that the rim of all the gauges would be at the 
same height above the ground. The gauges were placed on the bent iron bracket and 
tied to the stake using cable ties (see Plate 3.3). 
Funnels, as well as bottles, used during the study were of two sizes. Funnels of 
150 mm diameter with 1 dm 3 bottles were used in the 6 m and 2 m spacing stands 
while 135 mm diameter funnels with 0.5 dm3 bottles were used in the 8 m and 4 m 
spacing stands. The catches from the throughfall gauges were read every week using 
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Plate 3.3. A funnel gauge with the mounting leg in the 8 m spacing. 
As shown in Table 3.3, there were no significant differences between the mean 
throughfall values of the three sample plots in all the spacing treatment plots, except 
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in the 2 m spacing where the number of gauges used was only 3. 
Table 3.3. Throughfall (mm) variation between the three sample plots in each spacing treatment 
plot during the pilot study period. 
WEEK PLOT 1 PLOT 2 PLOT 3 MEAN ST DEV 
NO OF MEAN 
WIDE SPACING (8 m) (15 gauges per plot) 
1 29.04 28.47 28.11 28.54 0.46 
2 9.29 9.69 6.93 8.63 1.49 
3 24.18 25.75 26.14 25.35 1.03 
4 21.10 21.38 21.91 21.46 0.41 
5 11.19 9.91 10.60 10.56 0.64 
6 4.77 4.67 3.84 4.42 0.51 
7 16.48 17.31 17.19 16.99 0.44 
8 18.63 17.59 18.05 18.09 0.52 
MEDIUM (6 m) SPACING (11 gauges per plot) 
1 25.64 28.23 28.27 27.38 1.50 
2 7.27 3.59 10.54 7.33 350 
3 22.78 20.75 28.25 23.92 3.87 
4 21.17 20.22 20.07 20.48 0.59 
5 8.56 10.37 8.61 9.18 1.03 
6 3.93 3.67 3.56 3.72 0.19 
7 16.35 13.87 12.51 14.24 1.94 
8 19.30 13.41 12.83 15.18 3.58 
NARROW (4 m ) SPACING (7 gauges per plot) 
1 21.88 22.58 23.78 22.74 0.96 
2 3.90 5.94 5.99 5.27 1.19 
3 23.08 23.25 24.68 23.67 0.87 
4 20.08 17.27 17.37 18.24 1.59 
5 12.69 9.09 7.92 9.90 2.48 
6 3.54 4.05 3.38 3.65 035 
7 11.04 10.96 12.24 11.41 0.71 
8 10.49 9.32 13.39 11.06 2.09 
CONTROL (2 m) SPACING (3 gauges per plot) 
1 	 21.17 19.15 	14.00 18.11 3.70 
2 2.02 0.73 4.42 239 1.87 
3 	 8.01 11.05 	18.32 12.46 530 
4 13.35 19.34 14.91 15.87 3.11 
5 	 5.80 4.97 	7.18 5.98 1.12 
6 2.85 3.22 1.56 2.54 0.87 
7 	 5.43 8.10 	10.87 8.13 2.72 
8 6.87 7.73 6.63 7.08 0.58 
The precision o throughfall estimates can also be increased by taking into 
account the distance from the base of the tree, or in other words, by considering the 
pattern of throughfall distribution in relation to the tree crowns. Scatter diagrams of 
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the tree, as examples, to illustrate possible differences in throughfall in relation to 
distance from the tree base (Figure 3.1). 
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Figure 3.1. Volume of throughfall, T, in one week versus distance from tree base. The black 
box in the picture indicates the limit of the tree crown. 
As can be seen from the diagrams, there seems to be no indication of any regular 
pattern in the distribution of throughfall catches from gauges which were located 
under the crown within 2 m from the base of the tree in all spacings. However, there 
is a clear indication that throughfall was very variable under the tree crowns, whereas 
the gauges positioned beyond the crown limits caught more or less similar amounts of 
throughfall. 
The variability and the lack of a distinct pattern of throughfall under the tree 
crowns might have been caused by several factors among which the prevailing 
windspeed and wind direction were probably the most important. The similarity in 
throughfall amounts at gauges located outside the crowns in the 6 m and 8 m spacings 
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was the result of the open spatial gap between the tree crowns, and in the 2 m spacing 
the overlap of the crowns. The somewhat larger variability in the 4 m spacing is 
probably because the crowns just touch, leaving only a small canopy gap. 
Although the radial sampling pattern provided satisfactory estimates of mean 
throughfall, the low sampling intensity used in the pilot experiment was not adequate 
both to explain the spatial variability and to provide a reliable estimate of throughfall 
amount. The results obtained led to the conclusion that the sampling design would be 
more efficient if the sample plot was stratified into two distinct zones, that is a zone 
under the crown and a zone outside the crown. The throughfall data of the 1987 pilot 
study obtained from each gauge position were, therefore, employed to assess the 
minimum number of gauges required in each zone to give accurate estimates of 
average throughfall in each treatment. 
Eight weeks of data were categorised into data from gauges under the tree 
crowns and outside the tree crowns. The range of the number of gauges needed in 
order to obtain reliable mean throughfall estimates with ±10% error at the 95% 
probability level is shown in Table 3.4. Due to the limited time available, the 
minimum number of gauges given in Table 3.4 were used in the sampling of 
throughfall. 
Table 3.4. Number of throughfall gauges required to give a mean with ±10% error at the 95% 
probability level, based on standard deviations given in Appendix II. 
SPACING 	 UNDER CROWN 	 OUTSIDE CROWN 
2.0 7-60 	 - 
4.0 10-60 - 
6.0 10-60 	 4-12 
8.0 9-60 3-12 
The same three sample plots were used for the 1988 measurement period in each 
spacing treatment. In each sample plot, the area was marked out using plastic string 
into the two zones at the 6 m and 8 m spacings, while in the 2 m and 4 m spacings the 
entire sample plot area was treated as one zone. The outer boundary of the crown 
zone was taken as 2 m from the sample tree while for the open zone it was the 
midpoint of the distance between the sample tree and the four neighbouring trees, i.e. 
3 m at the 6 m spacing and 4 m at the 8 m spacing. A grid of 0.50 m by 0.50 m 
squares was then established in both zones to give 64+64 sampling positions in the 
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6 m spacing in the crown and open zones, respectively, while in the 8 m spacing 
there were 64 + 160 sampling positions, respectively. At the 2 m and 4 m spacings 
there were 49 and 64 sampling positions, respectively. 
The gauges were located randomly by taking numbers from random number 
tables representing the 0.50 m grid squares and each gauge was positioned in the 
middle of the grid square. The same funnel gauges were used in the 1988 
measurement and the same stake and bracket system as used in 1987 was applied to 
position the gauges so that the rim of all the gauges was at the same average height 
above the ground. Measurements of throughfall were made every week as before and 
the positions of the gauges were rerandomized every three weeks. 
ii. Area sampling of throughfall 
In addition to using throughfall data to assess interception loss, data on 
throughfall are also required for modelling to assess canopy parameters such as free 
throughfall coefficient and canopy storage capacity. Since all the parameters required 
for modelling are to be estimated from throughfall and stemfiow data on a storm 
basis, they cannot be obtained using the storage gauges because of the 
impracticability of being present at the site after every storm to empty the gauges. 
Throughfall for both purposes was, therefore, measured using plastic sheet gauges 
(Calder et al, 1976) which were installed in each spacing treatment plot. By using 
plastic sheet gauges, data can be collected after every storm by channelling the catch 
from the plastic sheet into an automatic tipping bucket gauge, which can be connected 
to a data logger for recording individual storm data over an extended period. 
Each plastic sheet gauge (Plate 3.4) consisted basically of a wooden frame in the 
area bounded by four trees at a height of 1 m above the ground upon which were laid 
sheets of overlapping plastic (Clear, Extraheavy, 1000G, Plastic-By Post Ltd, Isle of 
Wight) to form a series of parallel v-shaped troughs. The sheeting was secured to the 
frame with staples. For additional security lengths of wooden lath were nailed onto 
the wooden frame on top of the plastic sheet. To reduce movement of the plastic by 
wind, plastic bags containing sand were placed along the V-shaped valleys. Runoff 
from each valley was channelled into a galvanised iron gutter and then fed to a 1 dm 3 
tipping bucket gauge made in the workshop of the Department of Forestry and 
Natural Resources. The data were recorded at 10 minute intervals on a Delta data 
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logger. 
During the pilot study period, one such plastic sheet gauge was installed in each 
spacing treatment. Data were lost during week 4 from all the treatments as a result of 
a failure of the data logger and in addition data were lost during weeks 2 and 3 from 
the 2 m spacing as a result of a cable fault. When the data for the remaining weeks 
were compared with the mean throughfall amounts estimated from the funnel gauges 
as shown in Appendix II, it was found that the plastic sheet gauges yielded 
fractionally smaller throughfall amounts than the funnel gauges in all treatments, 
although the difference was within the error limits. This was attributed to systematic 
errors caused by one or more of the following: undetected gutter blockages and 
possible evaporation from the plastic sheet. However, it was not possible to 
apportion the overall error into these possible different sources of error. 
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Plate 3.4. A plastic sheet gauge in the 6 m spacing. 
For the measurement of throughiall using this method in the 1988 measurement 
period, the plastic sheet gauge was duplicated in each spacing treatment to increase 
sampling efficiency and to ensure continuous throughfall data in the event that data 
from one of the plastic sheet gauges were lost because of unforeseen breakdowns. 
The plastic sheet gauges installed in 1987 were renewed by changing the plastic 
sheets while the additional duplicate gauges were installed in each spacing in May, 
1988. Thus, there were two plastic sheet gauges in each spacing treatment each with a 
collecting area of 4 m 2, 16 m2, 36 m2 and 64 m2 in the 2 m, 4 m, 6 m and 8 m 
spacing treatment plots, respectively. 
The data from all the gauges were logged at 10 minute intervals on a Delta data 
logger. Errors caused by calibration changes of the tipping bucket gauge and gutter 
blockages were reduced by checking the calibration at regular intervals and by 
cleaning the gutter on every field visit. Little could be done, however, about possible 
error that might arise as a result of evaporation from the plastic sheet. 
3.2.3. Stemfiow measurement 
Flashing, flexible, self adhesive building material (HYBAND, Graham by Feb 
(Great Britain) Ltd., UK) was used to make collars for measuring stemfiow in this 
experiment. During the pilot study period of 1987, flashing strip collars were fitted in 
each spacing on four neighbouring sample trees at an angle around the stem below the 
lowest branch at a height of approximately 1 m from the base of the tree. 
Installation of a collar consisted of initially shaving the bark to provide a fairly 
clean, smooth surface. A length of flashing strip, 200 mm wide, was cut so that it 
would surround the circumference of the tree and overlap by about 100 mm. To seal 
the flashing strip to the tree trunk, a sealer (mastik-like material) was applied to the 
flashing strip and to the surface of the cleaned bark. A tube connector (10 mm 
external diameter) was driven into the middle of the flashing strip. Finally the flashing 
strip was sealed to the trunk. More sealer was poured into the gap between the trunk 
and the strip to the extent that the top end of the tube connector was at the same level 
as the sealer. The collar was left overnight for the sealer to dry and the following day 
the sealer was scraped off the inner side of the tube connector and a 1 m long plastic 
tube (10 mm internal diameter) was finally connected to the tube connector (Plate 
3.5). 
In each spacing treatment, the stemfiow volumes from three of the collars were 
led into 20 dm3 plastic reservoirs while the fourth collar was connected to a 0.25 mm 
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tipping bucket rain gauge (model ARG 100). The data from the tipping bucket 
stemflow gauge were required to assess trunk parameters needed for modelling, in 
addition to assessing interception loss. These trunk parameters include trunk storage 
capacity and the proportion of gross rainfall diverted to stemfiow. The data from the 
tipping bucket gauge were logged on a Delta logger along with the throughfall and 
rainfall data. The stemflow volumes from the plastic containers were, however, 
measured by weighing the plastic containers using a spring balanceat weekly 
intervals, on the same day that the rest of the manually read data were collected. 
During the pilot study period in 1987, data were not recorded during the 4th 
week from the tipping bucket stemfiow gauge in all the four treatment plots because 
of a data logger failure. Analysis of variance was applied to the remaining weekly 
stemfiow data of the four sample trees in each spacing treatment plot. Except in the 8 
m spacing, stemfiow was found to differ significantly between the four sample trees 
as shown in Table 3.5. This can be ascribed to variability in the tree crowns and stem 







Plate 3.5. Siemllow, collar on a 18cm Wamcicr LrCC ii, Lnc - in spacing. 
Table 3.5. Analysis of the 1987 pilot study stemfiow data. 
SPACING 	SOURCE 	DF SS MS F 
(m) 
8 	 Between sample trees 	3 0.005 0.002 1.22 
Between weeks 	8 0.046 0.006 4.00 
Error 	 23 0.033 0.001 
Total 34 0.084 
6 	 Between sample trees 	3 0.532 0.178 12.67 
Between weeks 	8 0.310 0.040 2.78 
Error 	 23 0.330 0.010 
Total 34 1.172 
4 	 Between sample trees 	3 0.750 0.250 14.14 
Between weeks 	8 1.800 0.220 12.71 
Error 	 23 0.410 0.020 
Total 34 2.960 
2 	 Between sample trees 	3 12.780 4.260 8.40 
Between weeks 	8 18.160 2.270 4.47 
Error 	 23 11.670 0.510 
Total 34 42.610 
For the 1988 measurements, sampling was stratified by taking the size class of 
the trees in each spacing treatment plot into account (see Section 1.4). Six sample 
trees were randomly selected in each spacing treatment plot to represent the major 
classes in the diameter class distribution of the trees (Table 3.6). 
Table 3.6. Median diameter classes of trees. 
SPACING 	 DIAMETER CLASS 
m 	 cm 
2 	 10 	 11 	12 13 16 18 
4 11 	 12 	13 15 16 18 
6 	 11 	 13 	14 15 16 18 
8 11 12 13 15 16 18 
The data from one of the six diameter class sample trees were recorded using a 
tipping bucket gauge on the Delta logger, while the catches from the remaining five 
sample trees were collectct in 7laE .ic containers and measured manually every week. 
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3.2.4. Data handling 
L Data collection 
During the measurement periods in 1987 and 1988, the outputs from the gross 
rainfall, throughfail and stemflow tipping bucket gauges were recorded at 10 minute 
intervals (the log period) using Delta loggers. The logger has up to 62 input channels 
and can accept inputs in the form of voltages, resistances, frequencies, and counts. 
All the recording gauges provided with a tipping bucket mechanism pushed a magnet 
past a reed switch causing a contact to be made whenever the bucket tipped. This 
switch closure is recorded by the logger as an input in the form of a count. Since the 
experiment was carried out in all four treatment plots simultanously, three loggers 
were installed, one in each of the 4 m, 6 m and 8 m spacings. This avoided 
significant capacitance that could exist between the conductors and be discharged 
across the reed switch as it closed, as a result of using long extension cables to 
connect all the gauges to one logger only. 
The loggers operated for the duration of the experiment in 1988 without failure, 
except for one occasion when the data were lost for a week as a result of a mistake in 
setting the logging configuration. 
Although the Delta logger can be given operating instructions manually by using 
keys on the logger's panel, a portable computer (Epson HX-20, Epson UK Ltd, 
Middlesex, U.K.) was used to set up the logger and also to recover data from it. The 
HX-20 is a compact battery-operated computer with 5 programme areas where 5 
Basic Programs can be stored independently. These programmes are retained in the 
memory without loss, even if the power switch is turned off. A menu function 
enables any of the stored programmes to be executed. 
For the purpose of this experiment, three programmes were written to the 
computer. One defined the logging configuration and its downloading to the Delta 
logger, the second was for recovering data from the logger and the third was for 
transfering data from the portable computer to the mainframe computer. Downloading 
the logging configuration was carried out to all three loggers once at the beginning of 
the measurement period. Data were recovered from the logger and transferred to the 
mainframe computer at one week intervals at the same time as the manually collected 
data. 
The HX-20 portable computer operated throughout the experiment without any 
failure. 
iii. Data processing 
The data retrieved from the loggers at the site using the Epson H.X-20 Portable 
Computer and the data collected manually were transfered to the mainframe computer 
(ERCVAX/VMS) using the data-base system SIR, which is software designed to 
organize, store, manipulate and report information. SIR is an acronym for Scientific 
Information Retrieval. Data were retrieved from the data-base using the SIR/DBMS 
retrieval programming language. The data retrieved from the data-base were 
transfered to another mainframe computer (EMAS) for final statistical analysis and 
production of graphics. The software used for statistical analysis was MINITAB and 
the graphics package was EASYGRAPH, both of which were available only on 
EMAS. 




RESULTS AND DISCUSSION OF THE STUDY BASED ON A 
VOLUME BALANCE APPROACH 
Data on gross rainfall, throughfall and stemfiow were obtained from the 1988 
experiment over a period of 19 weeks from the first week of May 1988 to the last 
week of October 1988. The data for week 1 and week 9 of the study period were 
discarded as either the sternflow or throughfall values were missing in at least one of 
the treatment plots. 
In addition, data on climatic parameters of the site corresponding to the 17 
weeks were also obtained from the Macaulay Land-Use Research Institute. The 
following assessment is, therefore, based on 17 weeks of data of volumes and 
meteorological measurements. 
4.1. Primary results 
4.1.1. Gross rainfall 
The data on gross rainfall are presented in Table 4.1. The data were tested 
by analysis of variance to indicate whether there were any significant differences 
(P-0.01) between the gauges and weeks. Table 4.2 indicates that the differences 
were significant but the magnitude of the difference between the gauges was small as 
indicated by the mean and standard deviation given in Table 4.1. The small 
differences between the gauges can probably be ascribed to the distance between the 
gauges and to evaporation from the buckets. 
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Table 4.1. Gross rainfall (mm) variation between gauges. GAUGE A and GAUGE B are 
standard storage gauges and TIP A and TIP B are tipping bucket gauges. 
WEEK 	GAUGE A GAUGE B 	TIP A TIP B MEAN ST DEV 
No 
1 * 	 * 30.77 * 30.77 * 
2 12.69 12.29 11.13 * 12.03 0.81 
3 23.34 	23.75 25.26 * 24.11 1.01 
4 20.47 20.47 20.41 21.34 20.67 0.45 
5 7.78 	7.78 10.82 * 8.79 1.75 
6 25.80 27.03 28.81 * 27.21 1.51 
7 43.41 	44.23 47.59 * 45.07 2.22 
8 18.43 18.43 18.87 19.14 18.71 0.33 
9 75.35 	75.76 80.58 82.50 78.54 3.55 
10 18.43 20.47 22.01 20.90 20.45 1.50 
11 50.78 	51.60 53.63 54.78 52.69 1.83 
12 37.67 37.67 41.05 41.58 39.49 2.12 
13 9.01 	9.01 9.27 9.02 9.07 0.13 
14 27.85 29.89 32.97 32.78 30.87 2.46 
15 31.12 	31.12 32.21 3234 31.69 0.67 
16 13.10 13.10 14.53 13.86 13.64 0.69 
17 36.04 	36.04 39.02 37.03 1.72 
18 35.22 34.40 40.28 * 36.63 3.18 
19 13.51 	13.10 14.28 13.64 13.63 0.49 
MEAN 27.78 	28.12 30.18 30.18 29.51 
STDEV 17.01 17.15 17.78 21.79 
SE MEAN 4.01 	4.04 4.08 6.57 
Table 4.2. Analysis of variance of the gross rainfall measurements. 
SOURCE 	 DF SS MS F SIGNIFICANCE 
Between gauges 	3 77.80 25.90 18.14 
Between weeks 18 20296.00 1127.00 788.76 
Error 	 44 62.90 1.43 
Total 65 20436.70 
POOLED STANDARD DEVIATION = 1.19 
4.1.2. Throughfall 
i. Throughfall variation between sample plots 
The weekly throughfall amounts, which are tabulated in Appendix Ill (Table 1), 







mean of the throughfall catches from the funnel gauges positioned in the open and 
under crown zones by taking the ratio of the area of each zone in proportion to the 
ground area each tree occupied. For the 2 m and 4 m spacings the mean of the 
throughfall amount from all of the funnel gauges was taken as the throughfall value 
for each week, and each sample plot (PLOT 3, 4 and 5). In addition, the data from 
the two throughfall plastic sheet gauges (PLOT 1 and PLOT 2), were included as part 
of the basic data set, giving a total of five weekly estimates of throughfall per spacing 
treatment. These are summarised in Table 4.3. 
Table 4.3. Mean weekly throughfall (mm) from each sample plot in each spacing. n is the 
number of weeks. 
SAMPLE PLOT No n 	MEAN 	ST DEV SE MEAN 95.0 PERCENT C.I. 
(mm) 
AT 2 mSPACING 
1 12 11.95 7.38 2.02 ( 	 7.99, 15.92) 
2 12 13.13 8.97 231 ( 	 8.60, 17.66) 
3 17 14.17 8.24 1.94 ( 	 10.36. 17.98) 
4 17 16.19 12.16 2.91 ( 	 10.48, 21.90) 
5 17 14.57 8.56 1.94 ( 	 10.76, 1838) 
AT 4 mSPACING 
1 12 17.95 9.45 2.60 ( 	 12.85, 23.05) 
2 12 18.67 10.26 2.89 ( 	 13.01, 24.34) 
3 17 19.87 11;18 2.67 ( 	 14.64, 25.11) 
4 17 20.08 10.68 2.43 ( 	 15.32, 24.84) 
5 17 20.06 11.21 2.67 ( 	 14.83. 25.30) 
AT 6 mSPACING 
1 17 21.22 11.52 2.67 ( 	 15.99, 26.46) 
2 15 18.78 10.09 2.58 ( 	 13.71, 23.84) 
3 17 24.56 12.44 2.91 ( 	 18.85, 30.27) 
4 17 23.85 12.55 2.91 ( 	 18.13, 29.56) 
5 17 21.09 12.15 2.91 ( 	 15.37. 26.80) 
AT 8 mSPACING 
1 14 22.62 12.63 3.21 ( 	 16.33, 28.92) 
2 12 22.72 11.65 3.18 ( 	 16.42, 28.95) 
3 17 23.10 11.70 2.67 ( 	 17.86, 28.33) 
4 17 24.01 12.14 2.91 ( 	 18.29, 29.72) 
5 17 24.41 12.34 2.91 ( 	 18.70, 30.13) 
The data in Appendix Ill (Table 1) were tested for significant differences by 
analysis of variance, which showed that there were significant differences (['=0.01) 
between the five sample plots in each spacing treatment, as shown in Table 4.4 but 
the differences between the sample plots were small. 
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Table 4.4. Analysis of variance of the throughfall measurements. 
At 2mSPACING 
SOURCE 	 DF 	SS 	MS 	 F 	SIGNIFICANCE 
Between sample plots 	4 186.16 46.54 4.84 
Between weeks 	 16 	5585.55 	349.09 	36.32 
Error 	 54 519.10 9.61 
Total 74 	6290.81 
At 4 mSPACING 
SOURCE DF SS 	MS 	F 
Between sample plots 4 86.83 21.71 8.91 
Between weeks 16 7850.31 	490.64 	201.46 
Error 54 131.51 2.44 
Total 74 8068.65 
At6mSPACING 
SOURCE DF SS MS F 
Between sample plots 4 293.11 73.28 30.39 
Between weeks 16 10764.54 672.78 279.11 
Error 62 95.24 1.70 
Total 82 11152.89 
At8mSPACING 
SOURCE DF SS MS F 
Between sample plots 4 32.95 8.24 4.84 
Between weeks 16 10389.05 649.32 381.79 
Error 56 95.24 1.70 
Total 76 10517.24 
ii. Throughfall in relation to gross rainfall 
Many attempts have previously been made to relate throughfall to various factors 
which were considered to be independent in a statistical sense. One such attempt was 
made, for example, by Helvey and Patric (1965a) who reported a positive correlation 
between throughfall and gross rainfall. As this kind of relationship could be useful in 
the prediction of throughfall from gross rainfall, a similar attempt has also been made 
in this experiment (Figure 4.1) where the mean weekly throughfall values from 
Appendix ifi (Table 2) are plotted against the corresponding gross rainfall values. 
The regressions in the figure beic w Lidicate that throughfall is linearly related to 
gross rainfall in each spacing treatment. 
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T (2 m) = - 2.8508 + 0.6515 P R 2....  0.94 
T (4 m) = - 1.2734 + 0.7942 Pg R 2 	0.96 
T(6m) = -1.1389+0.8950 	P
9 
R 2=0.98 
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Figure 4.1. The relationship between mean weekly throughfall,T (mm), 
and gross rainfall, !(mm), at (rn) 2 m, (.)4 m, (ii) 6 m 
and (,) 8 m, respectively 
iii. Throughfall in relation to stand density and ground area 
Since the objective of this experiment was to establish the relationship between 
interception loss and spacing between trees, the following stand characteristics, which 
are functions of spacing, were considered in relation to throughfall: ground area 
occupied by each tree and stand density (Table 4.5). As shown in Figures 4.2 and 
4.3, there are good correlations between the mean throughfall percentage and both the 
ground area per tree and the number of trees per hectare, respectively. 
Table 4.5. Mean weekly throughfall as a percentage of gross rainfall over 17 weeks in relation to 
stand density and ground area. 
SPACING NO OF AREA THROUGHFALL 
TREES PER TREE 
(m) ha -1  (m2) (mm) 	 % 
2 3000 3.33 14.08 	50.60 
4 625 16.00 19.37 72.72 
6 277 36.00 22.12 	84.14 
8 156 64.00 23.54 90.32 
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Figure 4.2. The relationship between mean weekly thmughfall as a percentage of gross rainfall, 
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Figure 4.3. The relationship between mean weekly throughfall as a percentage of gross rainfall, 
T/Pg(%) and number of trees per hectare, N. 
The above regressions, which were obtained by fitting logarithmic curves to the 




i. StemJ7ow variation between sample trees 
Stemfiow data in m3 from the five sample trees in each spacing treatment, and 
from the tipping bucket stemfiow meter (the sixth stemfiow value) are given in 
Appendix Ill (Table 3). The data are summarised in Table 4.6, which indicates that all 
sample trees yielded reasonable mean stemfiow data. 
The data from Appendix III (Table 3) were also analysed by ANOVA, as shown 
in Table 4.7, and it was found that there were significant differences (P = 0.01) 
between the six sample trees, which were deliberately chosen to cover the range of 
stem diameters, in all the four spacing treatments. 
Table 4.6. Mean weekly stemfiow (m 3) from each sample tree in each spacing. n is the number 
of weeks. 
SAMPLE TREE No 	n 	MEAN 	ST DEV SE MEAN 95.0 PERCENT C.I. 
(ms) 
AT2m SPACING 
1 17 0.024 0.011 0.003 (0.019, 0.029) 
2 17 0.021 0.011 0.003 (0.016, 0.026) 
3 12 0.016 0.010 0.003 (0.011, 0.021) 
4 17 0.013 0.008 0.002 (0.009, 0.017) 
5 17 0.005 0.003 0.001 (0.004, 0.006) 
6 17 0.004 0.002 0.001 (0.003, 0.004) 
AT4m SPACING 
1 17 0.023 0.012 0.003 (0.017, 0.029) 
2 17 0.016 0.009 0.002 (0.012, 0.021) 
3 17 0.014 0.009 0.002 0.011, 0.018) 
4 12 0.010 0.006 0.001 (0.008, 0.013) 
5 17 0.005 0.002 0.001 (0.004, 0.006) 
6 17 0.004 0.002 0.001 (0.003, 0.004) 
AT6m SPACING 
1 17 0.013 0.007 0.002 (0.009, 0.016) 
2 17 0.011 0.007 0.002 (0.008, 0.014) 
3 17 0.010 0.005 0.001 (0.007, 0.012) 
4 17 0.008 0.005 0.001 (0.006, 0.010) 
5 17 0.007 0.004 0.001 (0.005, 0.009) 
6 17 0.006 0.004 0.001 (0.005, 0.008) 
AT 8 mSPACING 
1 17 0.011 o.00f 0.001 (0.009,0.013) 
2 17 0.009 0.004 0.001 (0.007,0.011) 
3 17 0.008 0.004 0.001 (0.006, 0.010) 
4 17 0.008 0.004 0.001 (0.006, 0.009) 
5 17 0.007 0.004 0.001 (0.005, 0.008) 
6 17 0.006 0.003 0.001 (0.005, 0.006) 
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Table 4.7. Analysis of variance of stemfiow measurements. 
At2mSPACING 
SOURCE DF SS MS F SIGNIFICANCE 
Between sample trees 5 0.005817 0.001163 53.30 
Between weeks 16 0.004400 0.000275 12.60 
Error 75 0.001637 0.000022 
Total 96 0.01 1854 
At4mSPACING 
SOURCE DF SS MS F 
Between sample trees 5 0.004646 0.000929 42.24 
Between weeks 16 0.003956 0.000247 11.24 
Error 75 0.001649 0.000022 
Total 96 0.010251 
At6m SPACING 
SOURCE DF SS MS F 
Between sample trees 5 0.000539 0.000108 32.17 
Between weeks 16 0.002648 0.000166 49.44 
Error 80 0.000268 0.000003 
Total 101 0.003455 
At8mSPACING 
SOURCE DF SS MS F 
Between sample trees 5 0.000294 0.000059 31.79 
Between weeks 16 0.001569 0.000098 52.99 
Error 80 0.000148 0.000002 
Total 101 0.002011 
ii. Stemfiow  in relation to gross rainfall 
The mean weekly stemfiow per hectare corresponding to the weekly gross 
rainfall was derived by weighting the stemflow data from the six sample trees in each 
treatment plot (Appendix III, Table 3), following the procedure described, as 
follows. 
The mean stemfiow of the 17 weeks data from each sample tree was regressed 
on the basal area, BA,  and diameter, D, of the six sample trees to find a descriptor 
which is best related to stemflow (Figure 4.4 and 4.5, respectively). The figures 
show that stemfiow is explained better as a function of basal area and therefore each 
week's stemfiow data were regressed on the basal areas of the six sample trees. 
Taking the number and size distribution of the trees on each plot into account, i.e. the 
size class distribution by basal area class (see Section 1.4), the resultant regression 
equation was then used to derive the stemflow for all size classes of trees in a hectare. 
These values were totalled to give the stemflow per hectare for each week in each plot 
in m3 and in mm as shown in Appendix ifi (Table 4 and Table 5, respectively). 
Finally, stemfiow from Appendix Ill (Table 5) was plotted against the corresponding 
gross rainfall in Figure 4.6, which shows a linear relation. 
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SF(2 m) =-0.0031 + 1.1504 BA  R=0.88 
SF(4rn) =-0.0077 + 1.2235 BA  R2=0.98 
SF (6 m) = 	0.0016 + 0.4408 BA R 
2=  0.94 
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Figure 4.4. The relationship between mean weekly stemfiow, S(m 3 ), and basal area, 
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Figure 4.5. The relationship between mean weekly stemfiow, SF(m 3  ), and diameter, 1) 
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Figure 4.6. The relationship between mean weekly stemfiow, Smm), and gross rainfall, 
(mm), at (a) 2 m, (.)4 m, () 6 m and (0) 8 m spacing, respectively 
iii. Stemfiow in relation to stand density and ground area 
Stemfiow as a percentage of gross rainfall for each week (Appendix III, Table 
6), summarised below in Table 4.8, is plotted against stand variables, in the same 
way as throughfall (Figures 4.7 and 4.8). The relationships between mean weekly 
stemfiow and A and N are well described by the logarithmic models. 
Table 4.8. Average weekly stemfiow in each spacing treatment over the 17 weeks. 
SPACING 	STEMFLOW 
(m) 	(mm) 	(%) 
2 	 4.34 16.59 
4 0.75 2.83 
6 	 0.26 0.98 
8 0.13 0.49 
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Figure 4.7. The relationship between mean weekly stemfiow as a percentage of gross rainfall, 
SF/Pg(%), and ground area occupied per tree in each spacing, A. 
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Figure 4.8. The relationship between mean weekly stemfiow as a percentage of gross rainfall, 
SF/Pg(%), and number of trees per hectare in each spacing, N. 
PEI 
4.1.4. Interception loss 
Interception loss in relation to gross rainfall 
Weekly interception loss in each spacing treatment was obtained by subtracting 
the sum of throughfall and stemfiow values from the corresponding weekly gross 
rainfall and is given in mm and percentage of gross rainfall in Appendix Ill (Tables 7 
and 8, respectively) and is summarised below in Table 4.9. 
Table 4.9. Average weekly interception loss in each spacing over the 17 weeks. 
SPACING 	INTERCEPTION LOSS 
(m) (mm) 	(%) 
2 	7.57 	32.86 
4 5.87 24.48 
6 	3.61 	14.90 
8 232 9.23 
Figure 4.9 shows the weekly interception loss (Appendix HI, Table 7) plotted 
against the corresponding weekly gross rainfall. There is considerable scatter and the 
regression lines do not explain much of the variation, particularly at the wider 
spacings. Interception loss on a weekly basis is, therefore, only weakly linearly 
related to gross rainfall. This is to be expected because of the large number of factors 
influencing interception, and is a reason for adopting a more sophisticated modelling 
approach. 
Interception loss in relation to stand density and ground area 
The mean values of percentage interception loss of gross rainfall from Table 4.8 
were plotted against both stand variables, i.e. area occupied by a tree and number of 
trees per hectare, using different curve fitting functions. An exponential function 
fitted the relation between interception loss and the area occupied per tree best (Figure 
4.10), and a rectangular hyperbolic function fitted best to the relationship between 
percentage interception loss of gross rainfall and number of trees per hectare, (Figure 
4.11). 
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Figure 4.9. The relationship between mean weekly interception loss,! (mm), 
and gross rainfall, p(mm), at()2m,(•)4m,('3)6mand(e) 
8 m, spacing, respectively 
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Figure 4.10. The exponential relationship between mean weekly interception loss as percentage 
of gross rainfall, I/Pg(%) and ground area occupied per nee in each spacing, A. 
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Figure 4.11. The hyperbolic relationship between mean weekly interception loss as a 
percentage of gross rainfall, I IPg(%), and number of trees, N. 
4.2. Derived results 
4.2.1. Canopy storage capacity 
Data required for the indirect derivation of canopy storage capacity for each 
spacing were obtained from the throughfall data collected with the plastic sheet gauge 
and the corresponding gross rainfall data, both from the tipping bucket gauges, all of 
which were recorded on a Delta logger at 10 minute intervals. 
The data collected at 10 minute intervals were summed to give hourly values 
which were grouped into a series of discrete storms separated by dry periods of at 
least six hours, a long enough period for the canopy to dry completely. This led to a 
data base of 84 storm events during the period in 1988 (Appendix III, Table 9). 
The data for storms 1 to 14 and 20 to 42 were missing in the 2 m and 4 m 
spacing treatments, while in the 8 m spacing treatment data for storms 46 to 47 were 
missing as a result of logger failure. The canopy storage capacity was, therefore, 
derived using data from the remaining 45 storm events in the 2 m and 4 m spacing 
- 
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treatments and 84 and 82 storm events in the 6 m and 8 m spacing treatments, 
respectively. 
Canopy storage capacity was determined by plotting throughfall against gross 
rainfall following the method of Leyton era! (1967) (Figure 4.12) using storms of 
less than 14 mm so as to obtain good resolution. The inflection point is defined as the 
point above which throughfail is assumed to be linearly related to gross rainfall. An 
outer envelope is drawn to enclose all the points above the inflection point, the 
assumption being that evaporation may pull some points down below the boundary 
line. The intersection of the boundary line with the y-axis is, therefore, read as the 
value of canopy storage capacity. As can be observed from the graphs, the canopy 
storage capacities were determined to be 1.20, 0.35, 0.20 and 0.10 mm for the 2 m, 
4 m, 6 m and 8 m spacings, respectively. 
AT 2 m SPACING 
S =1 












Pg  (mm) 
Figure 4.12. Canopy storage capacity determined from the relationship between 
throughfall and gross rainfall for individual storms. 
The derived canopy storage capacities are plotted against the number of trees 
per hectare in Figure 4.13, which shows a strong linear relationship. This 
relationship implies that the volume of water stored per tree is independent of spacing 
treatment and is constant at 3.7 kg per tree in all spacing treatments. 
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Figure 4.13. The relationship between canopy storage capacity, 5, and number of trees per 
hectare, N. 
4.2.2. Free throughfall coefficients 
For the estimation of the free throughfall coefficient, throughfall data were 
extracted for all storms less than 2.0 mm from the previously mentioned data set in 
Appendix III (Table 9). The 2.0 mm gross rainfall value was taken from the 
throughfall gross rainfall diagram in Figure 4.12 where it was defined as the inflexion 
point from where the boundary line was drawn. As the inflexion point defines the 
minimum quantity of rain required to saturate the canopy, free throughfail can be 
accurately determined only under rainfall conditions such that saturation of the canopy 
has not occurred. 
The free throughfall coefficient was determined as the slope in the regression of 
throughfall on gross rainfall for small storms less than 2.0 mm for each spacing 
treatment, as shown in Table 4.10. As the canopy is never saturated under these 
conditions, all throughfail is assumed to have precipitated through gaps in the canopy 
in the proportions of 0.08, 0.22, 0.47 and 0.77 of the gross rainfall in the 2 m, 4 m, 
6 m and 8 m spacings, respectively. 
Table 4.10. Free throughfall coefficient p in relation to spacing 
SPACING REGRESSION EQUATION 	COEFFICIENT 
2 m T = - 0.0202 + 0.084 P  0.08 0.92 
4 m T = - 0.0334 + 0.221 P  0.22 0.85 
6 m T = - 0.0348 + 0.474 P  0.47 0.90 
8m T=-O.O3l5+O.774P 0.77 0.96 
Figure 4.14 shows that these free throughfall coefficients can be adequately 
related to stand density by a negative power function. 
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Figure 4.14. The relationship between free throughfall coefficient, p, and number of trees per 
hectare, N. 
4.2.3. Drainage parameters of the canopy 
Following Rutter et al. (1977), the rate of drainage from canopy to forest floor, 
D, when C = S was determined from the relation (see Section 2.5.3): 
D 5 =3.9lx1O 5S 	 (mm min- ). 	(4.1) 
Using the appropriate values of S for the different spacings (Section 4.2.1.), the 
drainage rates at the 2 m, 4 m, 6 m and 8 m spacings are 4.7x10 5 , 1.4x10 5 , 
7.8x10 6 and 3.9x10 6 mm min* respectively. 
The above values of Ds  which are required to solve the drainage equation (eq. 2.5) 
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Figure 4.15. The relationship between drainage rate, D  (mm min-1), and spacing distance 
between trees, Sp. 
Similarly the drainage coefficient was determined using the relation: 
b = 3.89/S (mm min- 1) (4.2) 
following Rutter and Morton (1977). Thus the drainage coefficients (b) at the 2 m, 4 
m, 6 m and 8 m spacings were 3.24, 11.11, 19.45 and 38.90 mm min* 
respectively, and are shown in relation to N in Figure 4.16. 
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b =2152.2739W -0.8155 
R 2  =0.99 
1000 	2000 	3000 	4000 
N (ha 
Figure 4.16. The relationship between drainage coefficient, b ( mm min- 1 ), and number of trees 
per hectare, N. 
4.2.4. Tree trunk parameters 
The trunk storage capacity and the proportion of rain diverted to stemflow for 
each spacing were estimated from data obtained from the tipping bucket stemflow 
gauges which were recorded at 10 minute intervals. These data were summed to give 
hourly values which were again grouped into a series of 84 discrete storms separated 
by dry periods of at least six hours which were long enough for the trunk to dry 
completely. The stemflow data in m 3 from a single tree in Appendix ifi (Table 10) 
were weighted to obtain stemfiow on a hectare basis, as follows. 
It was assumed that stemfiow of a tree is directly proportional to the basal area 
of the tree. Total stemflow per hectare was then obtained by taking the ratio of the 
basal area of each tree to that of the sample tree in the same basal area size class and in 
proportion derive the stemfiow. Based on the size class distribution of basal area 
(see Section 1.4.), these values were summed to give total stemflow per hectare in 
m3 (Appendix ffi, Table 11) and in mm depth (Appendix ifi, Table 12). 
Like the throughfall data, stemflow data for storms 1 to 14,20 to 42 and 46 to 
47 were also missing for the same treatments (see Section 4.2.2). Following Robins 
(1974) and Rutter et al. (1975), storms large enough to cause stemfiow were used to 
derive trunk parameters. There were 26 storm events used for this purpose and 
stemfiow was regressed on the corresponding gross rainfall, from which the 
proportions of rain diverted to stemflow in the different spacing treatments were 
obtained as the slopes and the trunk storage capacities as the negative intercepts, as 
shown in Table 4.11. 
Table 4.11. Trunk parameters. 
SPACING REGRESSION EQUATION TREE TRUNK PARAMETERS 
TRUNK STORAGE (St)  PROPORTION (pt) 
(mm) 
R2 
2m SF=O.36O$O.l 6OPg  0.360 	 .0.160 0.96 
4 m SF = - 0.051 +O.O3OPg 0.051 0.030 0.96 
6 m SF = -0.018 + 0.010 P  0.018 	 0.010 0.84 
8 m SF = - 0.009 + 0.005 Pg 0.009 0.005 0.81 
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These trunk parameters were linearly related to the number of trees per hectare, 
as shown in Figures 4.17 and 4.18. These linear relationships imply that the trunk 












R =0.99 	 .04 
1000 	2000 	3000 	4000 
N (ha- 1) 
Figure 4.17. The relationship between trunk storage capacity, S, and number of trees per 
hectare, N. 
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Figure 4.18. The relationship between free stemfiow coefficient, p, and number of trees 
per hectare, N. 
4.2.5. Evaporation rate from the trunk 
The coefficient e, required for estimating evaporation rate from the trunk from 





stemflow and interception loss of the 26 storms, which were large enough to cause 
stemfiow (see Section 4.2.4), selected for the derivation of trunk parameters. The 
amount of rain diverted to stemfiow was first calculated by multiplying the gross 
rainfall of each of the 26 storms by Pt  Stemfiow was subtracted from the amount of 
rain diverted to the stem to obtain the amount of water lost by evaporation from the 
trunk. The coefficient e was finally estimated as the ratio of evaporation from the 
trunk and interception loss and is shown in Table 4.12 below. It was found that for 
the 2 m, 4 m, 6 m and 8 m spacing treatments, the mean of the coefficient e was 
0.120, 0.020, 0.012 and 0.009, respectively. 
The coefficient e was plotted against number of trees per hectare and a straight 
line fitted (Figure 4.19). 
Table 4.12. The coefficient e for each storm in each spacing treatment 
STORM 	Pg 	2m 	4m 	6m 	8m 
15 4.800 0.141 0.055 0.039 0.054 
18 14.060 0.198 0.049 0.047 0.009 
43 17.535 0.156 0.004 0.017 0.004 
48 12.235 0.136 0.009 0.006 0.017 
49 2.025 0.220 0.047 0.023 0.021 
51 3.350 0.343 0.062 0.040 0.023 
52 2.375 0.224 0.049 0.021 0.015 
54 5.860 0.204 0.028 0.034 0.021 
56 27.825 0.236 0.033 0.032 0.007 
57 19.945 0.024 0.004 0.011 0.018 
59 40.670 0.060 0.009 0.009 0.005 
61 3.005 0.179 0.045 0.012 0.002 
62 5.105 0.124 0.019 0.015 0.014 
66 10.650 0.123 0.031 0.011 0.009 
67 21.190 0.140 0.024 0.004 0.006 
69 21 .895 0.059 0.004 0.001 0.005 
70 9.190 0.177 0.040 0.015 0.015 
72 4.650 0.076 0.004 0.007 0.010 
73 4.450 0.112 0.019 0.008 0.002 
74 5.095 0.160 0.035 0.021 0.016 
75 23.970 0.021 0.003 0.002 0.025 
76 12.070 0.026 0.012 0.012 0.005 
78 2.640 0.222 0.045 0.013 0.027 
80 39.860 0.006 0.002 0.005 0.005 
81 3.045 0.178 0.042 0.015 0.017 
82 10395 0.100 0.004 0.000 0.001 
MEAN 	 0.120 	0.020 	0.012 	0.009 
STDEV 0.109 0.025 0.017 0.015 
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Figure 4.19. The relationship between the coefficient, e, and number of tees per hectare, N. 
4.2.6. Boundary layer conductance (g a ) 
i. Graphical method 
Boundary layer conductance was estimated using the simplified Penman 
equation given in Section 2.5.8, represented by the linear equation (see eq.2. 17). 
By regressing E1 on DIP, i can be obtained as the slope of the line. Once i 
was known, ga  was calculated from eq.2.18 (see Section 2.5.8) by substituting in the 
equation: 
Pw 1000kgm3, 
Pa = 1.2 kg nf 3 , and 
e = 1.9, which is the appropriate value for the mean air temperature of 
17.0 °C. 
0.622 is the ratio of the molecular weights of water and air. 
To carry out the regression analysis, both E1 and vapour pressure deficit, 
73 
require to be known. Since ga  is yet to be derived, the following method of 
determining E1 without requiring ga  was devised. 
Interception loss, I, for the solution of the eq. 2.19 (see Section 2.5.8) was 
estimated using the data of gross rainfall, throughfall and stemfiow for storms above 
2.0 mm gross rainfall selected from Appendix ifi (Table 9 and Table 12). Storms 
exceeding 2.0 mm were chosen because 2.0 mm is the minimum amount of rainfall 
required to saturate the canopy at the 2 m spacing (Figure 4.1 l).The 26 storms used 
for the derivation of trunk parameters were above this critical value and were used for 
this purpose also. Evaporation rates over each storm duration were calculated using 
eq. 4.5 by taking the number of hours, t, with rainfall only and the results are shown 
in Table 4.13. 
The vapour pressure deficits given in Table 4.14 were derived using the 
program called ENVTALPAR in Appendix IV (Programme 1) for each of the 
26 storm events for which E1 in Table 4.13 was solved. As the wet and dry-bulb 
psychrometer used for measuring temperature was non-aspirated, a correction factor 
was applied to the temperature values in the calculation of Dvpl  based on the 
assumption that the rate of air movement past the temperature sensors was 1 m s. 
At this ventilation rate the wet-bulb depression reaches 83% of the value it would 
achieve when aspirated at a rate in excess of 3 m s -1 (Unwin, 1980). Averages of 
DVT,/P (P=97.0 kPa) were calculated for each storm. 
E1 was then regressed on D vplP and i was calculated as the slope of the 
regression line, as shown in Table 4.15. 
The mean boundary layer conductances at the 2 m, 4 m, 6 m and 8 m spacings 
obtained from i were, 0.210, 0.136, 0.063 and 0.061 m 	respectively. 
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Table 4.13. Average evaporation rate for each storm in each spacing (mm ha). 
STORM 	P8 	2m 	4m 	6m 	8m 
15 4.800 0.247 0.135 0.075 0.017 
18 14.060 0.571 0.189 0.209 0.071 
43 17.535 0.195 0.165 0.086 0.089 
48 12.235 0.210 0.163 0.125 0.110 
49 2.025 0.235 0.161 0.103 0.055 
51 3.350 1.057 0.717 0.395 0.332 
52 2.375 0.203 0.132 0.096 0.065 
54 5.860 0.524 0.315 0.201 0.149 
56 27.825 0.336 0.292 0.193 0.157 
57 19.945 0.196 0.216 0.138 0.134 
59 40.670 0.171 0.196 0.142 0.113 
61 3.005 0.238 0.167 0.122 0.089 
62 5.105 0.265 0.182 0.121 0.091 
66 10.650 0.250 0.217 0.159 0.127 
67 21.190 0.262 0.270 0.247 0.232 
69 21 .895 0.290 0.310 0.224 0.171 
70 9.190 0.431 0.314 0.219 0.175 
72 4.650 0.236 0.163 0.121 0.093 
73 4.450 0.410 0.361 0.281 0.205 
74 5.095 0.873 0.612 0.445 0.356 
75 23.970 0.179 0.162 0.135 0.027 
76 12.070 0.221 0.232 0.196 0.033 
78 2.640 0.302 0.213 0.160 0.062 
80 39.860 0.176 0.189 0.161 0.131 
81 3.045 0.161 0.108 0.080 0.052 
82 10.395 0.163 0.155 0.142 0.027 
MEAN 	 0.3237 
	
0.2441 	0.1765 	0.1221 
ST DEV 0.2183 0.1406 0.0893 0.0861 
SE MEAN 	 0.0428 
	
0.0276 	0.0175 	0.0169 
However, as can be seen from the results in Table 4.15, the data from each 
spacing treatment are not explained significantly by the regression equations, which 
have very low values of R 2•  Thus, the values of ga  derived by this method are 
undoubtedly unreliable. Nonetheless, the method demonstrates that the net radiation 
containing term, a, in the simplified Penman equation can be regarded as negligible, 
and thus is helpful with respect to the next method. 
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Table 4.14. Average temperature variables, windspeed and vapour pressure deficit for each 
storm. Td 1S  CY bulb, Tw is wet bulb and ET is the temperature difference, Dp 
is VPD, u is windspeed 2 m above grassland at the reference site. 
STORM Td 	TW 	AT 	DVP 	u 
No 	°C °C °C kPa ms 
15 16.20 15.48 0.72 0.131 3.30 
18 14.84 14.14 0.70 0.121 1.75 
43 17.92 17.04 0.88 0.169 1.98 
48 16.87 15.83 1.04 0.191 2.96 
49 17.13 15.86 1.27 0.234 2.12 
51 20.26 17.71 2.55 0.518 1.46 
52 17.22 16.39 0.83 0.156 2.64 
54 20.91 19.56 1.35 0.287 2.34 
56 18.21 17.23 0.98 0.189 2.40 
57 19.26 18.34 0.92 0.184 3.58 
59 18.78 18.05 0.73 0.146 2.09 
61 17.15 16.08 1.07 0.199 2.95 
62 20.08 19.10 0.98 0.202 3.02 
66 1735 16.16 1.19 0.223 2.69 
67 17.20 16.48 0.72 0.136 3.48 
69 18.03 17.22 0.81 0.156 2.30 
70 21.88 20.63 1.25 0.276 2.77 
72 1739 16.64 0.75 0.141 2.87 
73 16.03 15.22 0.81 0.145 4.23 
74 16.27 14.93 134 0.240 2.95 
75 14.79 13.85 0.94 0.161 2.51 
76 17.03 15.95 1.08 0.201 3.52 
78 15.63 14.24 139 0.243 2.62 
80 1534 14.45 0.89 0.156 3.26 
81 11.76 10.68 1.08 0.167 1.66 
82 14.61 13.77 0.84 0.144 2.06 
MEAN 	17.23 	16.19 	1.04 	0.196 	2.67 
ST DEV 2.14 2.04 0.36 0.077 0.64 
SE MEAN 0.42 	0.40 	0.07 	0.015 	0.12 
Table 4.15. Regression analysis of the relation between E1 (mm s- 1 ) and DIP. 
SPACING 	REGRESSION EQUATION 	 i 	R 
2 m E1 = -0.000019 + 0.0539 D.JP 0.0539 0.53 
4 m E, = -0.000003 + 0.0349 DV /P 0.0349 0.53 
6m E1 =0.000016+0.0161DIP 0.0161 0.28 
8 m El = 0.000002 + 0.0157 DvptP 0.0157 0.29 
W. 
ii. Averaging method 
Ignoring the first term in the Penman equation, because it is approximately 
zero, ga  was obtained for each storm and spacing treatment from eq.2.20 (see 
Section 2.5.8) and the results are given in Table 4.16. 
Table 4.16. Boundary layer conductance, ga  (m s4), for each storm at each spacing. 
STORM 2m 	4m 	6m 	8m 
15 0.198 0.108 0.060 0.013 
18 0.494 0.163 0.181 0.061 
43 0.121 0.102 0.053 0.055 
48 0.115 0.089 0.068 0.060 
49 0.105 0.072 0.046 0.024 
51 0.213 0.144 0.079 0.067 
52 0.136 0.088 0.064 0.043 
54 0.191 0.115 0.073 0.054 
56 0.186 0.162 0.107 0.087 
57 0.112 0.123 0.079 0.076 
59 0.123 0.140 0.102 0.081 
61 0.125 0.087 0.064 0.047 
62 0.137 0.094 0.062 0.047 
66 0.117 0.102 0.074 0.060 
67 0.202 0.208 0.190 0.179 
69 0.194 0.208 0.150 0.115 
70 0.163 0.119 0.083 0.066 
72 0.175 0.121 0.090 0.069 
73 0.296 0.260 0.203 0.148 
74 0.381 0.267 0.194 0.155 
75 0.116 0.105 0.087 0.018 
76 0.115 0.121 0.102 0.017 
78 0.130 0.091 0.068 0.027 
80 0.118 0.127 0.108 0.088 
81 0.101 0.068 0.050 0.032 
82 0.119 0.112 0.103 0.020 
MEAN 	0.172 	0.131 	0.098 	0.066 
ST DEV 0.091 0.052 0.046 0.043 
SE MEAN 0.018 	0.010 	0.009 	0.008 
The mean values of ga  in Table 4.16 are plotted in Figure 4.20 against stand 
density. The relation has a tendency towards an asymptote and the figure indicates that 
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Figure 4.20. The relationship between conductance, ga'  and number of trees per hectare, N. 
Taking the mean ga  values per unit area given in Table 4.16 above, conductance 
per tree, g'  was calculated in each spacing treatment using the relation: 
(4.3) 
where n is the number of trees per m2 and is obtained from, 
n =N10 4. 	 (4.4) 
The results of this calculation are given in Table 4.17. 
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Table 4.17. Boundary layer conductance, gat (m3 s- 1 ), per tree for each storm at each spacing. 
STORM 2m 	4m 	6m 	8m 
15 0.660 1.731 2.175 0.870 
18 1.648 2.616 6.543 3.958 
43 0.403 1.637 1.932 3.540 
48 0384 1.435 2.479 3.878 
49 0350 1.158 1.665 1.577 
51 0.712 2.318 2.881 4.307 
52 0.456 1.420 2.334 2.815 
54 0.637 1.841 2.657 3.502 
56 0.620 2.594 3.871 5.608 
57 0.373 1.973 2.854 4.894 
59 0.410 2.253 3.689 5.194 
61 0.418 1.406 2.334 3.032 
62 0.458 1.514 2.272 3.026 
66 0.392 1.633 2.700 3.850 
67 0.674 3.330 6.876 11.492 
69 0.648 3.330 5.436 7.385 
70 0.546 1.909 3.004 4.262 
72 0.585 1.936 3.267 4.452 
73 0.986 4.172 7.329 9.506 
74 1.270 4.273 7.007 9.961 
75 0388 1.689 3.174 1.159 
76 0385 1.940 3.699 1.126 
78 0.434 1.471 2.488 1.735 
80 0.395 2.037 3.908 5.642 
81 0.337 1.088 1.825 2.103 
82 0.396 1.806 3.750 1.300 
MEAN 	0.576 	2.097 	3.545 	4.238 
ST DEY 0.305 0.840 1.685 2.769 
SE MEAN 	0.059 	0.165 	0.330 	0.543 
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Figure 4.21. The relationship between conductance per tree, g at, and spacing between trees, S 
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Different curve fitting models were tried to find the best fit of mean conductance 
per tree to stand descriptors. It was found that conductance per tree is only loosely 
related to stand density. It was considered that the distance between trees might be a 
better variable because the aerodynamic influence of one tree on another is likely to 
occur over several crown diameters, gradually becoming less with distance from the 
tree. The data were, therefore, plotted as shown in Figure 4.21 above against spacing 
distance between trees and it was found that a straight line function explains the 
relationship adequately. 
4.3. Discussion 
The results of the data over the 17 weeks of the 1988 measurement period as 
presented in the previous sections were, firstly, compared between treatment plots, 
and secondly, with results of previous interception studies in the literature, as 
follows. 
4.3.1. Throughfall 
There have been very few problems encountered with the throughfall 
measurements carried out in this experiment Major problems with the blocking of the 
plastic sheet gutter with sand and the occasional malfunctioning of the data logger led 
to some data loss. Nonetheless, very reliable data have been obtained. 
As the spacing between the trees increased, more throughfall was obtained. 
Average values over the year were 50%, 73%, 84% and 93% for the 2 m, 4 m, 6 m, 
and 8 m spacing treatments, respectively. Although there is marked difference in the 
throughfall between the four treatment plots, it did not, however, decrease 
proportionally with the reduction in the spacing. The reason for this may be that the 
proportion of throughfall received as a result of rain falling through the gaps without 
touching any plant surface was highest in the widest spacing treatment plot, whereas 
throughfall obtained in the form of drip was highest in the densest plot, and this 
might have led to the high throughfall percentage recorded in the 2 m spacing 
treatment. A relative lack of ventilation, as evidenced by the relatively low 
aerodynamic conductance per tree in the 2 m spacing treatment, may cause a low 
evaporation rate per tree to occur during and after rainfall events as a result of which, 
once the crown is saturated by rain, any additional rain received on the crown must 
M. 
drip off as soon as it is received and thereafter. 
Alternatively, the interception of cloud water is also a possible cause of the high 
throughfall in the 2 m spacing treatment Drip resulting from cloud condensation has 
been measured by previous investigators in forest at times when no rainfall has been 
recorded in neighbouring open fields (e.g. Ekern, 1964 ; Azevedo and Morgan, 
1974). However, cloud and fog precipitation is mainlya feature of climate and is 
restricted to certain localities particularly at high elevations (Penman, 1963; Lamb, 
1965; Rutter, 1975). At the site of this experiment, cloud occurred at tree top height 
only rarely and prolonged dense fog or cloud was not observed at the time of the 
mvestigation. 
Since most of the throughfall and interception loss values reported in the 
literature are based on studies carried out in closed forest stands, the results from the 
2 m spacing treatment of this experiment were, therefore, the only results that were 
directly comparable with those of previous investigators who have made similar 
interception studies with Sitka spruce. The throughfall value of 50% of gross rainfall 
at the 2 m spacing is in close agreement with that reported by Ford and Deans (1978). 
They found a throughfall value of 43% of gross rainfall in a 14-year-old Sitka spruce 
planted at a density of 3700 stems per hectare. Anderson and Pyatt (1986) found 58% 
throughfall in a 26-year-old Sitka spruce plantation with a density of 3450 stems per 
hectare. The trees in this experiment were 19 years old with a density of 3000 trees 
per hectare. 
43.2. Stemfiow 
Stemfiow has often been reported to be negligible in forest stands. However, a 
value as high as 17% of gross rainfall per unit ground area was obtained in the closed 
stand in this experiment. 
In addition to the consequence of a larger number of trees, the high value 
obtained in the 2 m spacing treatment, when compared to the other treatment plots, 
may result from overlapping of the tree crowns. When rain is intercepted by the upper 
branches, there are a number of layers of canopy for the rain to drip through and 
hence more chance of water being conducted towards the trunk. Stemfiow per tree 
from trees of equivalent size was two to three times higher in the 2 m spacing than in 
the 8 m spacing, probably for this reason. 
Stemilow per unit ground area in the 2 m spacing was also compared with 
values in the literature. The figure of 27% for stemflow in Sitka spruce reported by 
Ford and Deans (1978) is considerably higher than the 17% found in this experiment. 
The difference may be attributed to the age of the trees, which were younger in their 
case, with branches more steeply angled to the vertical, as a result of which a larger 
volume of stemfiow would be generated. However the stemflow volume in this 
experiment was more similar to the figure of 13% obtained by Anderson and Pyatt 
(1986) for 26-year-old Sitka spruce with a stand density of 3450 trees per hectare. 
4.3.3. Interception loss 
On a unit area basis, interception loss is higher in the closed stand as a result of 
the larger number of trees per hectare, as would be expected. Of greater interest is the 
observed difference in interception loss per tree between the four spacings. This is 
probably the result of differences in ventilation rate and turbulent exchange within the 
canopies, as explained earlier. The higher the ventilation rate, the higher is the rate of 
evaporation, resulting in both a higher rate of loss and in more rainfall being 
intercepted per tree. The different rates of ventilation are evidenced by the differences 
in boundary layer conductance per tree observed between the treatment plots. 
As presented in Section 4.2.6, the relationship between conductance per unit 
ground area and stand density was found to be adequately explained by a rectangular 
hyperbolic function. This relationship suggests the hypothesis that when the trees are 
wide apart there is more effective exchange within the canopy resulting in a higher 
conductance per tree. When conductance per tree was related to the spacing between 
the trees, a straight line relation resulted, indicating that the linear dimension was a 
good indicator of the tendency for trees to interfere aerodynamically with one another. 
This relationship is not expected to hold true out to much wider spacings because 
beyond a certain distance apart one tree cannot interfere aerodynamically with the 
other and, therefore, its conductance will be unaffected. From this experiment 
however, it was found that the relationship between conductance and spacing was 
linear up to the 8 m spacing. 
To find the relationship between boundary layer conductance and interception 
loss, interception loss per unit ground area and per tree were plotted against the 
corresponding boundary layer conductance per unit ground area and per tree (Figure 
4.22 and 4.23, respectively). As can be seen from the figures, it was found that 
interception loss per unit ground area and per tree is directly proportional to boundary 
layer conductance per unit ground area and per tree, respectively. 
I = - 1.133 + 51.1847 
R 2=  0.98 
0.06 	0.08 	0.10 	0.12 	0.14 	0.16 	0.18 
g(ms-l) 
Figure 4.22. The relationship between mean interception loss per unit ground area, I (mm), and 
boundary layer conductance per unit ground area, g (m s 4). 
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Figure 4.23. The relationship between interception loss per tree, I (m3 treed), and boundary 





The 17 week average interception loss value of 32% of gross rainfall in the 2 m 
spacing is in good agreement with those of Ford and Deans (1978), who reported an 
interception loss of 30%, Anderson and Pyatt (1986) 29%, Law (1957) 38% and 
Gash et al. (1980) 32% for Sitka spruce. These values are typical for coniferous 
forests with closed canopies in temperate regions. 
4.3.4. Model parameters 
Among the forest structure parameters, the free throughfall coefficient is the 
only one which was affected by stand density. The free throughfall coefficient was 
found to be strongly related to stand density by a negative exponential function. 
Where the trees are close together the canopy overlaps, leaving almost no gap 
between the crowns, whereas at wider spacing there are quite large openings in the 
canopy as well as a number of gaps in the crowns of the trees, leading to much higher 
values of the throughfall coefficient compared to the closed canopy, where it is 
approximately zero. 
The other parameters, such as the canopy and trunk storage capacities and the 
free stemfiow coefficient, were found to be purely the properties of the individual 
trees and were unaffected by stand characteristics such as stand density or the 
spacing between trees. These parameters depend on properties of the leaves, 
branches, twigs, trunk and bark of the individual trees. Although these properties 
may be different in trees of the same species and age grown from the beginning at 
different densities, they were largely unaffected in this experiment, as a result of an 
initial stand being thinned to convert it into stands of different densities in 1986. 
Probably not a long enough time had elapsed for the re-spacing to have a major effect 
on these tree properties. 
The figure of 1.2 mm canopy storage value in the 2 m spacing is in close 
agreement with that of Gash etal. (1980) who reported 1.2 mm for a stand of Sitka 
spruce. 
The average boundary layer conductance at the 2 m spacing of 0.172 m s at an 
average windspeed u (h+2) of 1.58 m s 1 is also found to be in close agreement with 
the values found in the literature, such as that of Landsberg and Jarvis (1973) who 
reported a value of 0.17 m s- 1  canopy conductance at a windspeed u (h) of 2 ms4 
for a similar stand of Sitka spruce. The mean windspeed of 1.58 m s at 2 m over 
the 2 m spacing treatment was derived from the mean windspeed of 2.67 m s 1-
above grassland given in Table 4.11 (section 4.2.6), using eq.4.7, given below, 
which is a combination of Heilman's formula, eq.4.5 (Anon, 1969), and the formula 
for the semilogarithmic wind profile, eq.4.6, following Rutter et al. (1975), i.e. 
UZ/Ua = [0.233+0.285 ln(Z+4.75)]/[0.233+0.285  ln(a+4.75)], 	(4.5) 
and 	uh+2/uz = ln[((h+2)-d)/z0]/ln[(Z-d)/z0], 	 (4.6) 
thus 	Uh+2/Ua = ln[((h+2)-d)/z0]/[0.818-i-ln(a+4.75)], 	 (4.7) 
where 	uZ is 	windspeed at infinite height Z, 
Ua is 	windspeed at anemometer height a, and 
uh+2 is 	windspeed at 2 m above forest height h. 
Although all the parameters required for modelling interception loss have been 
derived by a volume balance approach as presented in the previous sections, it was 
decided to verify the values through another more direct, independent method based 
on a mass exchange approach, which is discussed in detail in the following chapter. 
CHAPTER 5 
INTERCEPTION STUDY BASED ON A MASS EXCHANGE 
APPROACH 
5.1. Introduction 
In the volume balance approach explained in Chapters 3 and 4, most of the 
canopy parameters were determined indirectly on the basis of a number of 
assumptions. Subsequently, it was realized that some of the parameters could be 
measured directly using a mass exchange approach. 
The mass exchange approach is a method of measuring interception loss either 
by determining the rate of evaporation of intercepted water directly or by calculating it 
using the Penman equation with directly determined parameters. In this experiment a 
method was designed to measure evaporation rate directly by weighing a tree from 
which water was evaporating into an atmosphere of large saturation deficit and thus to 
calculate the boundary layer conductance and other model parameters with higher 
precision than previously. 
Evaporation was, therefore, studied during a period in 1989, using this 
approach, with the main objective of verifying some of the parameters already 
determined using the volume balance approach discussed in Chapters 3 and 4, and 
hence to examine some of the assumptions implicit in the volume balance approach. 
The study was carried out at the same agroforestry experimental site at Cloich in all 
the four spacing treatment plots during the period between the lst July and 31 
August 1989. 
5.2. Experimental Design and Instrumentation 
5.2.1. Direct measurement of evaporation 
In each spacing treatment plot, locations were identified where trees were 
missing as a result of wind-blow. At one such location in each plot a 16 m tall tripod 
was erected by joining the ends of three three-stage ladders. A tree similar in size and 
form to the trees in each plot was selected from the neighbouring plantation and cut. 
The cut end of the stem was wrapped in a plastic bag to minimise water loss. The Cut 
tree was suspended, as shown in Plate 5. 1, from a load Cell designed to weigh loads 
of 100 kg (TYPE 2468, Strainstall, Crystalate Electronic Ltd., Cowes, UK). This 
cell was later replaced by another load cell which had a capacity to weigh loads up to 
250 kg (R.S. Components Ltd., U.K.) because of failure of the former resulting 
from breakage of the internal cables. The cell was connected to a data-logger 
(CR2 1X, Campbell Scientific (U.K.) Ltd., Loughbourgh, UK) to record the weight 
of the tree. 
On a dry day, an initially dry tree was weighed for 10 minutes. Then it was 
wetted using three spray nozzles attached to the tripod (Plate 5.2) and an additional 
hand-held nozzle. The spray nozzles produced a fine mist of water droplets ranging in 
size from 1.0 mm to 1.5 mm in diameter and not unlike the low intensity rainfall 
commonly encountered. Water was supplied from a 40 gallon (-180 litres) tank on 
the ground using a 4 A diesel generator (6LD 360N, Lombardini, Italy) and a 2.45 A 
water pump (CHALLENGER 2.45, Pomes, Guinard, France). Spraying was 
continued until the weight of the tree remained constant. The wetting process was 
then stopped and the tree was allowed to dry. The change in weight of the tree was 
recorded at one-minute intervals on the data-logger. The times when wetting of the 
tree started and stopped and when the rate of drip became negligible and finally 
stopped were noted. The procedure was repeated four to five times on a single cut 
tree over a one week period in each treatment plot before the tripod was moved to 
another treatment plot. The same procedure was carried out in all the four treatment 
plots for one week using one tree in each treatment plot. 
5.2.2. Direct measurement of environmental variables 
At the same time as weighing the tree, environmental variables required for 
calculation of the potential evaporation rate using the Penman equation were also 
measured as described below. 
i. Air re,nperature and vapour pressure 
An aspirated psychrometer was used to measure air temperature and wet bulb 
depression above the canopy at one-minute intervals and the data were recorded on 
the CR21X data-logger. The psychrometer was mounted at 2 m above the canopy on 
a steel mast erected close to the tripod supporting the weighed tree (Plate 5.3.). 
Initially two psychrometers were constructed in the laboratory. One used two 
copper-constantan thermojunctions (PVC Coated, 38 SWG, Dural Plastics & Eng. 
Pty. Ltd., Dural, NSW, Australia) as separate dry and wet-bulb temperature sensors 
and used the 21X data-logger's panel thermistor as a reference temperature. The 
second one used a thermistor (lOOK, R-T Curve Matched Thermis, RS Components 
Ltd., UK) as a dry-bulb and reference temperature sensor and a thermocouple to 
measure the wet-bulb depression. The construction of the psychrometer which used a 
thermistor is explained in detail by Al-Yemeny (1989). 
-, 
Plate 5.1. A spruce tree (Picea sitche,sis) suspended on a load cell hanging from a tripod 
made of three ladders. On the ground are the water pump and the tank used to 
supply water for spraying the tree. 
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a steel mast erected close to the tripod supporting the weighed tree (Plate 5.3.). 
Initially two psychrometers were constructed in the laboratory. One used two 
copper-constantan thermojunctions (PVC Coated, 38 SWG, Dural Plastics & Eng. 
Pty. Ltd., Dural, NSW, Australia) as separate dry and wet-bulb temperature sensors 
and used the 21X data-logger's panel thermistor as a reference temperature. The 
second one used a thermistor (lOOK, R-T Curve Matched Them -As, RS Components 
Ltd., UK) as a dry-bulb and reference temperature sensor and a thermocouple to 
measure the wet-bulb depression. The construction of the psychrometer which used a 




Plate 5.1 	 ohensis ) su.pcndcd on a load cell hanging from a tripod 
made of three ladders. On the ground are the water pump and the tank used to 
supply water for spraying the tree. 
The construction of both psychrometers basically consisted of fitting together 
pieces of PVC plumbing-ware as a psychrometer housing in which the temperature 
sensors were enclosed to shield them from direct solar radiation and wind. The 
psychrometer head was built on a rigid plastic vane 2 mm by 38 mm by 130 mm in 
size and the sensors were mounted one on either side of the vane inside a 3 mm 
diameter and 100 mm long rigid plastic tubing which passed through a 'Perspex" 
block 8 mm by 12 mm by 24 mm in size. The sensor heads were covered with epoxy 
resin adhesive (RS Components Ltd., UK) to anchor them securely and prevent them 
from sliding, and at the same time to waterproof -them. The wet-bulb thermojunction 
was covered by a woven cotton wick. The wick was soaked with distilled water 
supplied from a bottle mounted on the outside of the instrument. Ventilation was 
provided by an electric fan (12 V d.c., Micronel, Zurich, Switzerland). 
Both psychrometers were tested and calibrated in the laboratory. The second 
psychrometer with a thermistor for air temperature measurement was used in the field 
because the psychrometer with two thermocouples needed very long 
copper-Constantan extension wire. 
ii. Surface temperature of the crown 
The surface temperature of the crown of the suspended tree was measured using 
copper-constantan thermocouples (38 SWG) and a radiation thermometer (AGA 
Thermopoint 80, AGA Infrared Systems AB, Sweden). 
Four identical lengths of thermocouple wire (38 SWG) were used to make one 
set of surface temperature sensors. In total, four sets of four thermojunctions were 
used. In each case the four thermojunctions were connected in parallel to 
copper-constantan extension cable (RS Components, UK). The junctions were 
mounted on a number of leaves and connected in parallel to give the mean surface 
temperature of a branch sample. Four sets of such parallel junctions were used to 
sample four branches randomly located in the crown from which the mean surface 
temperature of the crown was finally obtained. Each set of the junctions was 
connected to the 21X data-logger and measurements were taken at one-minute 
intervals. 
The AGA Thermopoint 80 is a hand-held instrument designed to measure 
surface temperature of objects without contact. The instrument is battery operated. It 
measures temperature by sensing the infrared energy emitted by an object in the 0.7 
J.Im to 1.1 Lm wave band, computes the surface temperature and shows the result on 
a liquid crystal display. The emissivity of the wet foliage was assumed to be 0.98. 
The temperature was read by pointing the instrument towards the wet tree crown. 
After operating the trigger for approximately 3 seconds the spot reading of 
temperature was noted along with the time when the reading was taken. 
Measurements were made by scanning around the tree crown at five-minute intervals. 
Hate 5.2. Three water spray nozzles insul led on the tripod. 
iii. Windpeed 
Windspeed above the canopy (Plate 5.3.) was measured using a switching 
anemometer (A100R, Vector Instruments Ltd., Rhyl, UK). The cups operate a rotor 
which turns a magnet which operates a mercury-welled reed switch once per 
revolution of the spindle. The instrument was mounted on the mast along with the 
psychrometer and windspeed was recorded on the 21X data-logger at one-minute 
intervals. 
Plate 5.3. Dry and wet bulb psychrometer and anemometer installed on a tower at 2 m 
above the forest canopy. 
5.2.3. Data handling 
i. Data collection 
The outputs from the weighing transducer, the temperature sensors and the 
above-canopy meteorological instruments were recorded at one-minute intervals using a 
data-logger (CR2 1X, Campbell Scientific (UK) Ltd., Loughborough, UK). The logger 
was programmed to carry out precision measuring, processing and control functions. All 
the operating instructions were given to the logger manually using the different keyboard 
modes provided on the logger panel. The logger functioned well throughout the 
experiment with failure in only a few instances. 
ii. Data retrieval 
A tape cassette recorder (CCR-82, Tandy) was used to retrieve data accumulated 
in the final storage of the 21X data-logger. The tapes used with the recorder were normal 
bias C-60 TDK cassette tapes. The recorder was either left attached to the 21X 
data-logger for continous transfer of data or was periodically connected to the 
data-logger for retrieving stored data. The data from the tape were transferred to the 
mainframe computer via an interface (C20, Campbell Scientific (UK) Ltd., 
Loughborough, UK). The recorder and the interface performed without failure 
throughout the experiment. 
5.3. Derivation of canopy parameters and examination of some 
assumptions 
Using the data obtained from the measurements of evaporation and environmental 
variables described above, the following procedure was adopted either to derive canopy 
parameters or to examine some of the assumptions of the volume balance approach. 
5.3.1. Aerodynamic resistance and conductance 
When the surface temperature of the wet crown is known, the rate of actual 
evaporation from the wet crown (Eaw)  can be written as: 
Eaw = 0622Pa (e*(Ts) -ea )/(P.rat) 
	
(5.1) 
and 	rat = 0622Pa (e*(Ts ) -ea)/(P.Eaw) 	 (5.2) 
where 	e*  (Ts ) 	is the saturated vapour pressure at the temperature of the surface 
of the crown, 
ea 	is the vapour pressure of the air at some reference level above the 
canopy, 
rat 	is the aerodynamic resistance per tree, 
Pa 	is density of air, 
P is atmospheric pressure, and 
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0.622 	is the ratio of molecular weights of water and air. 
Aerodynamic resistance was, therefore, estimated in this experiment using the 
above eq. 5.2 with the evaporation term, Eaw,  directly derived from the change in 
weight of the artifically wetted tree, when the crown was completely wet, by employing 
the procedure given below. The other variables required for solution of eq.5.2, which 
include the saturated vapour pressure at the canopy surface temperature and the vapour 
pressure of the air above the canopy, were obtained from the measurements discussed in 
Section 5.2.2. 
According to Rutter etal. (1971), potential evaporation, E. obtains only when all 
canopy surfaces are wet. Therefore, the difference in weight of the tree between the time 
when spraying of the tree stopped and the time when drainage from the crown became 
negligible, gives the quantity of water that was lost by evaporation and drainage i.e.: 
AC =E+D 	 (5.3) 
where 	16C 	is the change in the amount of water retained on the 
canopy, 
D 	is the rate of drainage of water from the canopy. 
As D in the above relation cannot be measured, the potential evaporation from a 
newly wet crown can only be estimated accurately by considering the following period 
during which the drainage rate is negligible but the crown still remains wet. The duration 
of this period can be defined by inspecting the data on the temperature of the crown 
surfaces (the period when the surface temperature remained approximately equal to the 
wet-bulb temperature) and from visual observations of when the drainage rate became 
negligible and stopped. Actual evaporation rate, Eaw,  which is equivalent to the potential 
evaporation rate, E. during this period, and aerodynamic resistance were, therefore, 
calculated from the change in weight of the wet tree over this period using a computer 
program RESIST ( see Appendix IV, Programme 2). 
To extrapolate the aerodynamic resistance of the sample tree to the whole treatment 
plot, the tree distribution per hectare by basal area class was used (Section 1.4). 
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The average aerodynamic resistance of the sample tree, rat,  was first converted to 
aerodynamic conductance of the tree, gut'  because gat is likelyto increase in proportion 
to basal area, BA,  since leaf and bark area increase as basal area increases, i.e. 
g/B=const. 
Making this assumption, conductance per unit ground area, ga'  was calculated in 
each spacing treatment plot by summing the estimated conductances of each tree. 
5.3.2. Crown and canopy storage capacity 
Crown storage capacity was measured directly by weighing the artifically wetted 
trees as discussed in Section 5.2.1. In principle the method is similar to that used by 
Aston (1979), who employed the method in the laboratory, whereas in this experiment 
trees were wetted and weighed in situ . The crown storage capacity was taken to be the 
amount of water retained on the tree when the drainage rate had declined to zero. 
Since crown storage capacity also depends on leaf area, it is expected to increase 
with increase in basal area of the tree, possibly independently of treatment. It was, 
therefore, assumed that crown storage capacity is proportional to the basal area of the 
tree because only a small range of tree sizes was included in the study. The canopy 
storage capacity, which is a measure of storage on a unit ground area basis, was, 
therefore, derived from the crown storage capacity data using the tree distribution per 
hectare by basal area class (see Section 1.4) as previously. 
5.3.3. Evaporation from the wet and partially wet crown and canopy 
According to Rutter et al. (1971), when the amount of water on the canopy C 2!S', 
which is the condition when the crown is wet, the actual evaporation rate, Eaw,  is 
equivalent to the potential evaporation rate, E P
, obtained by calculation using the Penman 
equation (see eq.2.16). For calculation of E the Penman equation was rewritten 
ignoring the net-radiation term as: 




where 	Pa 	is density of air, 
gat 	is boundary layer conductance of the crown, 
D 	is vapour pressure deficit, andVP 
E 	 is the ratio of the increase of latent heat content to increase 
of sensible heat content of saturated air (c = sly). 
When C <S, it is assumed by Rutter et al. (197 1) that the evaporation rate from a 
partially wet crown could be estimated as (see Section 2.5): 
Ee = Ep.CIS. 
	 (5.5) 
In this experiment an attempt was also made to examine both the above two 
assumptions by considering the conditions when the crown was wet, i.e. the period 
when the crown surface temperature was approximately equal to the wet bulb 
temperature, and partially wet, i.e. the period after the crown surface temperature 
increased above the wet bulb temperature, up to the moment when the crown was 
completely dry, by adopting the following procedures. 
Wet crown 
Using values of aerodynamic resistance obtained by solving eq.5.2 at 1-minute 
intervals and meteorological variables measured above the canopy, potential 
evaporation rate, E. was calculated using the Penman equation (eq.5.4) in 
one-minute steps during the period when the crown was wet, i.e. during the 
period identified in Section 5.3.1. This was compared with the actual evaporation 
rate, Eaw,  obtained as the difference in weight of the tree, to examine the first 
assumption of Rutter etal. (1971). 
Drying crown 
Using a computer programme called PENMAN (see Appendix JV,Programme 3), 
and meteorological variables measured above the canopy, potential evaporation 
rate, E. from the crown was calculated in 1-minute steps by solving the Penman 
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equation (eq.5.4) and compared with the actual evaporation rate, Ea,  obtained 
from the rate of change in weight of the wetted tree when the crown was partially 
wet. By multiplying E by the ratio C/S, corresponding estimates of evaporation 
rate, Ee,  were made. Finally, Ea  and  Eewere  compared to examine whether the 
second assumption made by Rutter eta! (197 1) is true. The assumption was also 
examined graphically by plotting Ea/Ep  against CIS. 
5.3.4. Drainage parameters of the crown and the canopy 
The drainage constant, D,  and the drainage coefficient, b , (see eq.2.5. Section 
2.2) were determined earlier for the volume balance approach by modifying the values 
derived by Rutter et at. (197 1) for a Corsican pine canopy as done by Rutter et al. 
(1971). Using the mass exchange approach, b and Ds are found by establishing the 
relation between D and C-S, 
This was carried out using the computer programme DRAIN (see Appendix IV, 
Programme 4) to calculate a running balance in 1-minute steps of the change in the 
amount of water retained on the crown, C, the calculated potential evaporation rate, 
integrated over the minute and, by difference, the drainage rate, D , over the minute for 
the period when the crown was draining after the wetting of the tree had stopped, using 
eq.5.3 which is rewritten as: 
D 	C-Ep. 	 (5.6) 
E was calculated using rat  derived following the method in Section 5.3.1. D was 
then calculated using E and AC. Finally, D was plotted against C-S and a function that 
best fitted to the data points was derived: the coefficients of the function were identified 
as Ds  and as b. 
5.40 Results 
As a result of failure of the data-logger, wrong logger configuration and failure of 
some of the instruments, some data were lost. Therefore, data were only available for 
W. 
three days observations in each of the treatment plots. Figure 5.1 shows examples of the 
data from the two extreme spacing treatment plots (2 m and 8 m tree spacing). 
It was, in general, observed that in the 2 m spacing it took between 30 to 35 
minutes for drainage from the wetted tree crown to reach a negligible rate, between 45 to 
50 minutes to decline to zero after wetting of the tree crown stopped, and 120 to 130 
minutes for the crown to dry completely. On the other hand, in the 8 m spacing it took 3 
to 5 minutes, 10 to 15 minutes, and 40 to 50 minutes, respectively, for the drainage to 
become negligible, to decline to zero, and finally for the crown to dry completely. 
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Figure 5.1. Data from one observation period of the weight of the wetted tree, W, air 
temperature, Td,  wet-bulb temperature, T,  mean leaf surface temperature, T5 , 
and windspeed above the canopy, U, in the 2 m and 8 m spacing treatments. 
5.4.1. Aerodynamic resistance and conductance 
Using the computer program RESIST aerodynamic resistance and conductance 
were calculated as follows. Firstly, evaporation rate from the wet crown was determined 
as described in Section 5.3.1 using equation 5.1. Secondly, taking the mean evaporation 
rate determined for the interval, the mean aerodynamic resistance per tree for that interval 
in each observation period and mean conductance per tree for each spacing treatment 
were calculated using equation 5.2 as shown in Table 5.1 below.. 
Table 5.1. Aerodynamic resistance, rat, and conductance, gat,  per sample tree in each 
treatment. Td (°C) is the mean air temperature, T (0C) is the mean wet bulb 
temperature, l'  (°C) is the mean surface temperature, D (kPa) is the mean 
vapour pressure deficit, Eaw  (kg s) is mean evaporation rate. u is the mean 
windspeed in in s-I. 
SPACING OBS. Td 	Tw 	TS 	u 	DVR 	Eaw -1 	rat 	
g 
(m) 	No (°C) (°C) (°C) (m s-1 ) (kPa) (kg s-  ) (s m 3 ) (m s ) 
2 	1 	14.51 	10.87 	10.82 	2.45 	0.593 	0.00142 	1.273 0.78 
2 15.19 11.14 10.98 1.85 0.666 0.00102 1.904 0.52 
3 	17.03 	12.42 	12.24 	1.97 	0.803 	0.00130 	1.707 0.58 
MEAN 	 15.57 	11.47 	1134 	2.09 	0.687 	0.00124 	1.628 0.62 
4 	1 	15.18 	11.40 	11.20 	1.32 	0.624 	0.00273 	0.656 1.52 
2 14.64 11.45 11.37 1.53 0.522 0.00256 0.607 1.64 
3 	16.70 	12.78 	12.58 	2.17 	0.681 	0.00349 	0.533 1.87 
MEAN 	 15.50 	11.87 	11.71 	1.67 	0.609 	0.00292 	0.598 1.67 
6 	1 	14.61 	10.86 	11.22 	1.75 	0.607 	0.00754 	0.293 3.41 
2 15.80 12.64 12.94 1.73 0.540 0.00598 0.315 3.17 
3 	18.73 	14.09 	14.39 	1.62 	0.857 	0.00780 	0.356 2.80 
MEAN 	 16.38 	12.53 	12.85 	1.70 	0.668 	0.00710 	0.321 3.12 
8 	1 	22.07 	17.01 	17.04 	1.32 	1.051 	0.00852 	0.305 3.27 
2 14.59 13.26 1335 2.24 0.224 0.00347 0.215 4.65 
3 	15.21 	11.77 	12.41 	2.72 	0.571 	0.01275 	0.176 5.68 
MEAN 	 17.29 	14.01 	14.27 	2.10 	0.615 	0.00825 	0.232 431 
Assuming that aerodynamic conductance is proportional to the basal area of the tree, 
the above mean aerodynamic conductance values of the sample trees (Table 5.1) were 
weighted based on the basal area of the trees measured and the basal area class 
distribution of the trees in each treatment plot (Section 1.4) to obtain total conductance 
per hectare as given in Table 5.2 below. From the total conductance per hectare, average 
conductance per tree and per unit ground area in each treatment, respectively, were 
derived as given in Table 5.3. 
Table 5.2. Aerodynamic conductance per hectare in each spacing treatment plot and each 
observation period. g is total conductance per hectare. 
BASAL AREA 	 OBSERVATION 
CLASS MID-POINT No of 	1 	 2 	 3 
(m2) 	 TREES 
AT2m SPACING 
0.005 83 23.121 15.414 18.082 
0.009 365 183.021 122.014 143.132 
0.013 882 638.820 425.880 499.590 
0.017 611 578.704 385.803 452.576 
0.021 354 414.180 276.120 323.910 
0.025 209 291.107 194.071 227.661 
0.029 277 447.552 298.368 350.009 
0.033 151 277.624 185.083 217.116 
0.037 53 109.256 72.837 85.443 
0.041 5 11.421 7.614 8.932 
0.045 5 12.536 8.357 9.804 
0.049 3 8.190 5.460 6.405 
0.053 2 5.906 3.937 4.619 
gas  m3 s 1 ha-1 3001 .400 2001.000 2347.300 
AT4m SPACING 
0.005 13 6.587 7.107 8.103 
0.009 61 55.632 60.024 68.442 
0.013 123 162.032 174.824 199.342 
0.017 158 272.181 293.669 334.854 
0.021 122 259.616 280.112 319.396 
0.025 58 146.933 158.533 180.767 
0.029 62 182.197 196.581 224.151 
0.033 21 70.224 75.768 86394 
0.037 2 7.499 8.091 9.225 
0.041 5 20.773 22.413 25.557 
gm3 s 1 ha4 1183.700 1277.100 1456.200 
AT 6m SPACING 
0.005 6 6.394 5.944 5.250 
0.009 34 65.216 60.626 53.550 
0.013 48 132.990 123.630 109.200 
0.017 76 275357 255.977 226.100 
0.021 70 313.293 291.243 257.250 
0.025 24 127.875 118.875 105.000 
contd..... 
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Table 5.2 contd. 
0.029 12 74.167 68.947 60.900 
0.033 6 42.199 39.229 34.650 
0.037 1 7.886 7.331 6.475 
0.053 1 11.296 10.501 9.275 
m S-1 ha-1 1056.700 982.300 867.650 
AT  mSPACING 
0.009 11 21.582 29.370 38.808 
0.013 34 96.356 131.127 173.264 
0.017 41 151.946 206.777 273.224 
0.021 30 137.340 186.900 246.960 
0.025 17 92.650 126.083 166.600 
0.029 17 107.474 146.257 193.256 
0.033 3 21.582 29.370 38.808 
0.037 1 8.066 10.977 14.504 
0.041 1 8.938 12.163 16.072 
0.045 1 9.810 13.350 17.640 
0.049 1 10.682 14.537 19.208 gam 	s' ha-1 666.430 906.910 1198300 
Table 5.3. The aerodynamic conductance per hectare, g, per tree, g, and per unit ground area, 
and windspeed, u, in each spacing treatment and each observation period. 
SPACING OBS. Noof u 
(m) PERIOD OBS. 	(m3 s 	ha -1 ) 	(m3 s tree- ') (m s 	) (m s4) 
2 1 6 3001.40 1.00 030 2.45 
2 7 2001.00 0.67 0.20 1.85 
3 7 234730 0.78 0.23 1.97 
MEAN 2449.90 0.82 0.24 2.09 
4 1 5 1183.70 1.89 0.12 132 
2 7 1277.10 2.04 0.13 1.53 
3 6 1456.20 233 0.15 2.17 
MEAN 1305.67 2.09 0.13 1.67 
6 1 6 1056.70 3.81 0.11 1.75 
2 6 98230 3.55 0.10 1.73 
3 7 867.65 3.13 0.09 1.62 
MEAN 968.88 3.50 0.10 1.70 
8 1 4 666.43 4.27 0.07 1.32 
2 5 906.91 5.81 0.09 2.24 
3 6 119830 7.68 0.12 2.72 
MEAN 923.88 5.92 0.09 2.10 
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Values of mean ga  and gat from Table 5.3. above are plotted against number of 
trees per hectare, N, and spacing distance, Sp, between trees in Figure 5.2. and 5.3, 
respectively. The relation between ga  and N is explained very well by the power function 
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Figure 5.2. The relationship between gaand number of trees per hectare, N, as explained by the 
power function. 
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Linear relationships between the values of windspeed and aerodynamic 
conductance per unit ground area in each spacing treatment given in Table 5.3 were 
established by regressing conductance on windspeed (Table 5.4). 
Table 5.4. The relationships between aerodynamic conductance, g a, and windspeed, u , for the four 
spacing treatments. n = 3 in each case. 
SPACING 	 REGRESSION EQUATION 	 R 
2 	 = - 0.0040 + 0.108u 	 0.99 
	
= 0.0040 + 0.074u 0.95 
6 	 = - 0.0004 + 0.060u 	 0.99 
8 = -0.0039 + 0.043u 0.98 
Neglecting the intercepts, the coefficients of the regression equations were taken 
as conversion factors for establishing ga  from u in each spacing treatment and are 
referred to asf for the purpose of this experiment. The relationship between conversion 
factor,f, and the spacing distance between trees, Sp, was found to be a straight line as 
shown in Figure 5.4 below. 
0.12 
0 	f =0.1219-0.0102S 
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Figure 5.4. The relationship between the conversion fctor,f, and the spacing distance between 
trees, Si,. 







where 	f=O.1219-O.OlO2Spand 	 (5.8) 
u is windspeed at 2 m above the forest canopy. 
5.4.2. Crown and canopy storage capacity 
The crown storage capacity in each spacing treatment plot as determined from the 
weight of the tree when drainage from the tree crown declined to zero is given in -Table 
5.5. 
To find the canopy storage capacity on a unit ground area basis in each spacing 
treatment, the mean crown storage capacity values of the weighed trees (Table 5.5) were 
weighted based on the basal area of the measured trees and the basal area class 
distribution of the trees in each treatment plot (Section 1.4), assuming that canopy 
storage capacity is proportional to the basal area of the tree. The results of these 
calculations are given in Table 5.6. 
Table 5.5. Crown storage capacity, S, of each weighed tree in each spacing treatment. 
SPACING OBS. 	DIAMETER OF BASAL AREA OF S 	S/BA 
(m) 	 SAMPLE TREE (cm)SAMPLE TREE (m2) (kg tree-1 ) 
2 1 13.5 3.12 
2 13.5 2.50 
3 13.5 2.86 
MEAN 0.014 2.83 202.1 
4 1 14.0 4.09 
2 14.0 3.98 
3 14.0 3.57 
MEAN 0.015 3.88 258.6 
6 1 14.5 6.70 
2 14.5 6.35 
3 14.5 6.11 
MEAN 0.016 6.38 399.2 
8 1 14.0 5.87 
2 14.0 4.68 
3 14.0 4.31 
MEAN 0.015 4.95 330.2 
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Table 5.6.canopy storage capacity, S. per unit ground area. 
BASAL AREA 	S AT THE SPACING OF 
CLASS MIDPOINT 2m 	4m 	6m 	8m 
0.005 83.89 16.813 11.981 * 
0.009 664.04 142.008 122.209 32.67 
0.013 2317.77 413.608 249.210 145.86 
0.017 2099.66 694.778 515.992 230.01 
0.021 1502.73 662.704 587.081 207.90 
0.025 1056.20 375.066 239.625 140.25 
0.029 1623.81 465.083 138.982 162.69 
0.033 1007.28 179.256 79.076 32.67 
0.037 396.40 19.141 14.777 12.21 
0.041 41.44 53.027 * 13.53 
0.045 45.48 * * 14.85 
0.049 29.71 * * 16.17 
0.053 21.43 * 21.167 * 
S (kg ha 1 ) 10890.00 3021 .500 1980. 100 1008.800 
S (mm) 1.09 0.302 0.198 0.101 
Values of canopy storage capacity (Table 5.6) when plotted against the number of 
trees per hectare were used to give a linear relationship (Figure 5.5). 
1.2 
S = 0.0801 + 0.000337N 
1.0 
0.2 
0 	1000 	2000 	3000 	4000 
N (ha- ) 
Figure 5.5. The relationship between canopy storage capacity, S, and number of 
trees per hectare, N. 
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5.4.3. Evaporation rate from the wet and partially wet crown and canopy 
Following the method described in Section 5.3.3, potential evaporation rate, 
from both the wet and partially wet crowns were calculated separately by solving the 
Penman equation (eq.5.4) at one-minute intervals. The corresponding actual evaporation 
rates from the wet crowns, Eaw,  and from the partially wet crowns, Ea,  were obtained 
directly from-the rate of change in weight of the wetted trees. Estimates of evaporation 
rate, Ee = E.C/S were also made at one-minute intervals for the partially wet crowns. 
The results of these calculations are shown in Appendix V (Tables 1 and 2) for the wet 
and the partially wet crowns, respectively, for the three observation periods in each 
spacing treatment plot. The overall mean evaporation rates and the regression equations 
given in Tables 5.7 and 5.8 indicate good agreement between the observed and the 
estimated values from the wet and partially wet crowns, respectively. The assumption 
that the actual evaporation rate from the wet crown, Eaw,  is equal to the potential rate, 
was examined graphically by plotting E against Eaw  in Figure 5.6 where examples 
from one of the observation periods in each treatment plot are shown. The assumption 
that the actual evaporation rate from the partially wet crown, Ea, is equal to E.C/S was 
also examined graphically by plotting Ea/Ep  against CIS in Figure 5.7 where examples 
from one of the observation periods in each treatment plot are shown. These plots, as 
well as the results in Table 5.7 and 5.8, imply that both the assumptions made by Rutter 
are good approximations to the truth. 
Table 5.7. Mean actual, Eaw, versus potential, E. evaporation rates over n one-minute 
periods from wet crowns. 
SPACING 	OBS. n Eaw  (kg s 1 ) E (kg s) REGRESSION R2 
2 1 6 0.00142 0.00136 Ea = 0.000156 + 0.928E 0.98 
2 7 0.00102 0.00100 Ea = 0.000195 + 0.821? 0.97- ---- - 
3 7 0.00130 0.00128 Ea = 0.000088 + 0.954E 0.99 
MEAN 0.00125 0.00121 
4 1 5 0.00273 0.00274 Ea = 0.000086 + 0.963E 0.99 
2 7 0.00256 0.00252 Ea =-0.000037 + 1.0301 0.99 
3 6 0.00349 0.00354 Ea = 0.000 100 + 0.959? 0.99 
MEAN 0.00292 0.00293 
6 1 6 0.00754 0.00635 E = 0.002030 + 0.866E 0.82 
2 6 0.00598 0.00498 Ea = P 000510 + 1.1001 0.99 
3 7 0.00780 0.00668 Ea = 0000192 +0•881? 0.99 
MEAN 0.00711 0.00600 
8 1 4 0.00852 0.00768 Ea = 0.000541 + 1.040E 0.99 
2 5 0.00347 0.00307 Ea = 0.000202 + 1.0601P  0.99 
3 6 0.01275 0.00957 Ea = 0.002850 + 1.030? 0.96 
MEAN 0.00824 0.00677 
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Figure 5.6. The relationship between Eaw and Ep in each spacing treatment. 
Table 5.8. Mean actual, Ea, versus estimated, Ee, evaporation rates over n one-minute intervals from 
partially wet crowns. 
SPACING OBS. n E
P  
Ea  
E, 	Ee/a E REGRESSION R2 
(kg s i ) (kg s 
1 
) 
- 1 (kg s 	) 
2 m 1 104 0.00137 0.00050 0.00040 0.80 EaIE = 0.0466 + 1.08C/S 0.98 
2 122 0.00103 0.00034 0.00035 1.03 Ea/F? = 0.0705 + 0.80C/S 0.85 
3 111 0.00093 0.00043 0.00030 0.70 Ea/E? = 0.1103 + 1.15C/S 0.94 
MEAN 0.00111 0.00042 0.00035 0.83 p 
4m 1 80 0.00253 0.00089 0.00097 1.09 Ea/E = 0d089 + 0.70C/S 0.72 
2 68 0.00237 0.00097 0.00082 0.85 Ea/E = 0.1050 + 0.90C/S 0.88 
3 45 0.00390 0.00132 0.00118 0.90 Ea/E?=0 •0979 +0.80C/S 092 
MEAN 0.00293 0.00106 0.00099 0.94 p 
6 m 1 55 0.00581 0.00203 0.00162 0.80 Ea/E = 0.0689 + 1.01C/S 0.98 
2 60 0.00521 0.00177 0.00158 0.90 EaIE? = 0.0950 + 0.81 CIS 0.98 
3 68 0.00579 0.00150 0.00170 1.13 Ea/E;=0.0282 + 0.80C/S 0.98 
MEAN 0.00560 0.00176 0.00163 0.94 
8 1 55 0.00736 0.00178 0.00176 0.99 EaIE = 0.0011 + LOOC/S 0.98 
2 91 0.00281 0.00086 0.00083 0.97 Ea/F? = 0.0598 + 0.83C/S 0.96 
3 34 0.00837 0.00211 0.00237 1.12 Ea/F? = 0.0466 + 1.08C/S p 0.98 MEAN 0.00618 0.00158 0.00165 1.04 
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Figure 5.7. The relationship between Ea/Ep  and CIS in each spacing treatment 
5.4.4. Drainage from the wet crown and canopy 
Using the computer programme (DRAIN) a running balance in one-minute steps 
of measured EC, integrated E and, by difference, D (kg min-1 ), was calculated for each 
tree crown when C exceeds S. The values of gat  derived earlier (see Section 5.3. 1) were 
used for the solution of the Penman equation (eq. 5.4). The results of the calculations are 
given in Appendix V (Table 3). 
Relations between drainage from the crown over the one-minute steps (D) and the 
difference between the average amount of water retained on the canopy and the crown 
storage capacity, C-S, are explored in Figure 5.8, which is presented as an example of 
data from one observation period in each treatment plot, using exponential and linear 
functions for comparison. The exponential function has been used to enable the results to 
be compared with those of Rutter et al. (197 1) who employed the exponential function to 
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relate D to C. As can be seen from the diagrams, the exponential function adequately 
explains the relationship in the 2 m spacing. In the other spacings, however, there is an 
approximately linear relationship between D and C-S as given in Table 5.9 below. 
Table 5.9. The relationship between D (kg tree-1 mind ) and c-s (kg tree- ') as explained by the 
exponential and linear regression equations. 
SPACING OBS. n EXPONENTIAL EQUATION R2 	LINEAR EQUATION 
2 m 	1 	46 	D = 0.0039exp(0.835 (C-S)) 0.85 	D = - 0.099 + 0.089 (C-S) 	0.87 
2 47 D = 0.01 l4exp(0.594 (C-S)) 0.84 D = - 0.102 + 0.090 (C-S) 0.89 
3 	41 	D=0.0117exp(0.646(C-S)) 0.93 	D = - 0.129 + 0.107 (C-S) 	 0.86 
4m 	1 	19 	D=0.O24Sexp(0.574(C-S)) 0.78 	D = - 0.072 + 0.112 (C-S) 	 0.99 
2 26 	D = 0.Ol88exp(0.492 (C-S)) 0.74 D = - 0.084 + 0.097 (C-S) 0.99 
3 	16 	D = 0.0434exp(0.449 (C-S)) 0.64 	D = - 0.014 + 0.131 (C-S) 	0.98 
6 m 	1 11 D = 0.0497exp(0.474 (C-S)) 0.88 D = - 0.081 +0.098 (C-S) 0.99 
2 12 D = 0.021lexp(0.734 (CS)) 0.58 D = - 0.009 + 0.116 (C-S) 0.99 
3 12 D=0.O5l7exp(0.417(C-S)) 0.67 D = - 0.009 + 0.110 (C-S) 0.98 
8 m 	1 4 D = 0.0207exp(1.277 (C-S)) 0.53 D = - 0.084 + 0.190 (C-S) 0.60 
2 13 D = 0.0129exp(0.987 (C-S)) 0.73 D = - 0.003 + 0.070 (C-S) 0.99 
3 8 D = 0.1201exp(0.276 (C-S)) 0.73 D = - 0.063 + 0.090 (C-S) 0.70 
As can be seen from the linear regression equations in the above table D, seems 
to be a somewhat variable function of C-S, with no tendency related to spacing evident 
in the 4 m, 6 m and 8 m spacing treatment plots. It was, therefore, decided to use one 
linear equation for the 4 m, 6 m and 8 m spacing treatments and one exponential equation 
for the 2 m spacing treatment plot to relate D to C-S for modelling purposes. Thus, the 
data from the three observation periods in each treatment plot were combined and the 
following equations, given in Table 5. 10, were derived for each spacing treatment by 
regressing D on C-S. 
Table 5.10. Pooled regression equations of D (kg tree -  min- ) against C-S (kg tree- 1) in each 
spacing treatment plot. 
SPACING 	n 	 EQUATION 	 R2 
2 	 134 D = 0.008exp(0.694 (C-S)) 0.83 
4 61 D=.0.00378+0.110(C-S) 0.91 
6 	 35 D = . 0.00031 +0.109 (C-S) 0.98 
8 25 D = - 0.00480 +0.095 (C-S) 0.80 
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Figure 5.8. The relationship between drainage rate, D, and the diference between average 
amount of canopy water and crown storage capacity, C-S, as explained by (A) 
positive exponential and (B) linear functions in each spacing. 
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Neglecting the intercepts from the linear regression equations in Table 5.10 for the 
4 m, 6 m and 8 m spacing treatments, because they are approximately zero, and taking a 
mean value for the slopes, a single linear regression equation was derived for the three 
wide spacing treatment plots for modelling purposes as follows: 
D = 0.105(C-S). 	 (5.10) 
For the-.2 m spacing treatment, the exponential equation from Table 5.10 was 
taken to be used for modelling, i.e.: 
D = 0.008exp(0.694(C-S)). 	 (5.11) 
5.5. Discussion 
The results of the observations made using the mass exchange approach presented 
in the previous sections of this chapter were examined in relation to the results of the 
volume balance approach used in Chapter 4 and to values found in the literature. 
5.5.1. Aerodynamic conductance 
Since accurate estimation of evaporation rate is dominated by the boundary layer 
conductance, one needs to be critical in choosing the best method that can accurately 
determine this parameter, since a small error in the estimation of ga  can have a very large 
effect on evaporation rate. In most previous interception loss studies, the boundary layer 
conductance has been calculated by using the formula for aerodynamic resistance 
(eq.2.13) and -the corresponding eddy conductance (g = 1/r) (Monteith 1963, 1965, 
1973) that is relevant to the transfer of momentum in thermally neutral • atmospheric 
conditions. The major difficulty in applying this formula, as discussed earlier (see 
Section 2.4), lies in the determination of the canopy roughness parameters of z0 and d 
for agroforestry situations. Rutter and Morton (1977) and Gash et al. (1980) 
demonstrated that errors in estimating evaporation rate could largely be attributed to the 
effect of errors in estimating roughness length on ga.  For closed canopy forest, previous 
investigators have used the factors 0.75 and 0.10 to derive d and z0 from vegetation 
height. These simple empirical relationships were arrived at by considering previous 
values of the parameters derived from wind profiles measured over a variety of crops 
(Jarvis et al. 1976; Gash et al., 1980). These relationships cannot, however, be used for 
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widely spaced trees in agroforestry situations. The mass exchange method was therefore 
employed to determine directly, the boundary layer conductance for vapour transfer in 
stands of trees of different spacing. 
The estimate made by the mass exchange method of boundary layer conductance 
for water vapour of 0.24 m s -1  at a mean windspeed of 2.09 m s 1 at 2 m above the 
canopy of the 2 m closed canopy spacing treatment, is in good agreement with the value 
of 0.17 m s- 1 at a windspeed of 1.58 m found by the volume balance method. -The 
relationships between conductance per unit ground area and the number of trees per 
hectare, and between conductance per tree and the spacing distance between the trees, 
also indicate good agreement between the findings from both the volume balance and 
mass exchange methods. The tendency of gto reach an asymptote as the canopy closes 
is further proof of the assertion made earlier that the rate of ventilation within the canopy, 
which determines g, is affected by the distance or space between the trees in the stand 
and declines as canopy closure is reached beyond a certain limit. 
The boundary layer conductance per unit ground area of 0.24 m s 1- was, 
however, found to be slightly higher than values in the literature. For example 
Landsberg and Jarvis (1973) found a value of ga  for momentum of 0.17 m s4 at a wind 
speed of 2 m s4 at canopy top height, for a Sitka spruce canopy which was 
approximately the same height, age and stocking. The relationship between boundary 
layer conductance and windspeed at the 2 m spacing of ga = 0.11 u  is, however, in good 
agreement with the generalisation made by Jarvis etal. (1976) that ga = 0.1u for a range 
of closed coniferous forest stands, where the value 0.1 was taken from the drag 
coefficient C for coniferous forests. The agreement between the two independent 
methods employed in this experiment and their- agreement with micrometeorological 
methods indicates that both methods are useful in determining the boundary layer 
conductance of widely spaced stands. 
The estimate made using the mass exchange approach is more accurate than the 
volume balance approach and therefore, conductance is taken to be ga =fu for 
modelling purposes, as shown in Table 5.11 below. 
5.5.2. Canopy storage capacity 
Canopy storage capacity as discussed earlier, has been determined by previous 
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investigators by a number of different indirect methods. In the mass exchange method, 
however, the canopy storage capacity was directly measured by weighing the water 
retained on the crowns of cut trees and extrapolating to unit ground area for each 
treatment plot. 
The canopy storage capacities determined using the volume balance approach and 
the mass exchange approach are in very good agreement with each other (Table 5.11). 
The linear relationship between S and number of trees per hectare, N, found by both 
methods is supportive of the suggestion made earlier that canopy storage capacity is a 
property of individual trees and is unaffected by the spacing between the trees. The 
agreement between the two methods indicates that the derivation of canopy storage 
capacity using the method of Leyton et al. (1967) is also quite reliable. However, as 
already discussed in Section 4.5, their treatment is subjective in terms of recognizing the 
inflection corresponding to the point of canopy saturation, and in fitting the upper 
envelope to the scattered points, so that the values obtained by that method may contain 
some errors. Therefore, the canopy storage capacities determined by the mass exchange 
method are to be preferred for the purpose of modelling and the regression equation 
given in Table 5.11 will be used to relate S to tree spacing, in the modelling of 
interception loss as a function of spacing. 
5.5.3. Evaporation from the wet and partially wet canopy 
The rate of evaporation from the forest canopy is usually assumed equal to that 
given by the Penman equation for a totally wet canopy (Monteith, 1965). Following the 
demonstration by McNaughton and Jarvis (1983) and Pearce, Rowe and Stewart 
(1980b) that evaporation from wet forest canopies is driven by advected energy rather 
than by net radiation, a modified Penman equation (eq.5.4) has been used in this 
experiment. The net radiation term, which is approximately zero under rainy conditions, 
has been ignored and this has been shown to be satisfactory. The results given in 
Section 5.4.3 show that the actual measured evaporation rate from the wet crown, E aw, 
obtained as the change in weight of the cut tree, was approximately equal to the potential 
evaporation rate, E. calculated using the modified Penman equation (eq.5.4). 
The somewhat arbitrary assumption made by Rutter et al. (197 1) that when C :!~S 
the potential evaporation rate is proportionately reduced by CIS has been used by 
previous investigators on the assumption that it is adequate within the limited 
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experimental evidence available and reasonable because it leads to a reasonable 
description of the partially wet canopy ( Gash, 1979; Shuttleworth, 1989). This 
assumption has also been shown to be realistic in this experiment (see Section 5.4.3). 
For subsequent modelling, therefore, when the canopy is partially wet the evaporation 
rate is assumed to be given by E.CIS. When the canopy is fully wet (i.e.C>S), 
potential evaporation rate obtains in all the spacing treatment plots and is calculated from 
the modified Penman equation (eq.5.4), using the appropriate values of 8a  for the stands 
of widely spaced (i.e.> 2 m) trees. 
5.5.4. Drainage from the canopy 
In previous models of interception loss, drainage from the canopy has been 
described by the exponential equation given in Section 2.2 (eq.2.5), where the drainage 
rate, D  (when C = 5), and the coefficient, b, are determined empirically as described 
earlier in Chapter 2. Using the mass exchange method in this experiment, the drainage 
rate, D, was also found to be exponentially related to the water retained on the canopy,C, 
only in the 2 m spacing treatment plot, whereas in the 4 m, 6 m and 8 m spacing 
treatment plots an approximately linear relationship was found. This relationship was 
established from direct measurement of A C, the change in weight of the wetted tree, 
making this method much more reliable than the volume balance approach. Therefore, in 
subsequent modelling in the following chapter, drainage from the canopy after rain, D, is 
calculated using eq.5.10 in the 4 m, 6 m and 8 m spacing treatment plots, and in the 2 m 
spacing treatment plot D is calculated using eq. 5.11. 
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Table 5.11. Comparison of the model parameters derived by mass exchange and volume balance 
methods and those found in the literature. 
PARAMETER SPACING 
VOLUME 
SOURCE 	 SELECTED 
MASS LITERATURE REFERENCE FOR MODELLING 
S 2m 1.20 1.09 1.20 (Gash eral., 1980) 	1.09 
4m 035 0.30 - 0.30 
6m 0.20 0.20 - 0.20 
8m 0.10 0.10 - 0.10 
EQUATION S =0.0801+0.0003375N 
P 2m 0.08 - 0.00 (Gash et al., 1980) 	0.08 
4m 0.22 - - 0.22 
6m 0.47 - - 0.47 
8m 0.77 - - 0.77 
EQUATION p=34.4192 078 
S 2m 0.360 - 0.74 (Gash eral., 1980) 	0.360 
4m 0.051 - - 0.051 
6m 0.018 - - 0.018 
8m 0.009 - - 0.009 
EQUATION S=-0 .0177-4-0 .0001254N 
Pt 2m 0.160 - 0.29 (Gash etal., 1980) 	0.160 
4m 0.030 - - 0.030 
6m 0.010 - - 0.010 
8m 0.005 - - 0.005 
EQUATION p=-0.0043-i-0.00005476N 
e 2m 0.120 - 0.02 (Gash etal., 1980) 	0.120 
4m 0.020 -, - 0.020 
6m 0.012 - - 0.012 
8m 0.009 - - 0.009 
EQUATION e=-0.0001223-i-0.0000398N 
D 
EQUATION 2m D=0.008exp(0.694 (C-S)) 
4m.6m.8m D=O.105(C-S) 
ga 2m 0.172 0.244 0.17 (Landsberg and Jarvis, 1973) 	0.244 
4m 0.131 0.130 - 0.130 
6m 0.098 0.100 - 0.100 
8m 0.066 0.090 - 0.090 
EQUATION ga = (0.1219 - 0.0102S)u 
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CHAPTER 6 
MODELLING OF INTERCEPTION LOSS AS A FUNCTION OF TREE 
SPACING 
6.1. Introduction 
The Gash and Rutter models described in Chapter 2 were developed from data 
obtained from closed canopy stands and have been tested by the modellers themselves 
as well as by other investigators on other forest stands with closed canopies. Although 
the Rutter model has been applied somewhat simplistically in WATMOD to study the 
effect of thinning on the water budget of a forest (Whitehead et al. 1989), so far the 
applicability of these models to widely spaced trees in agroforestry situations has not 
been evaluated. 
The aim of this chapter is to report the results of the test made to assess the 
applicability of the Gash model and the Rutter model, as implemented in (WATMOD), to 
predict interception loss from widely spaced spruce trees as in agroforestry situations. 
The feasibility of using the models to predict losses from other species of trees in 
agroforestry situations in other locations is also examined by determining the sensitivity 
of the predictions to changes in parameter values and to possible experimental errors in 
the measured variables. 
Although WATMOD does incorporate, but loosely, the most important feature of 
agroforestry, tree spacing, both models were not initally developed to cater for 
agroforestry situations. Therefore, without modification they are not expected to offer a 
good approximation of the interception process that takes place in an agroforestry system 
with widely spaced trees. This realization is based on the findings of this study, in which 
it was observed both in 1988 and 1989 that the reduction in number of trees, as the 
spacing between trees increases in agroforestry stands, does not result in a proportional 
reduction in interception loss. This is, on the other hand, proportional to the boundary 
layer conductance of the stand canopy which changes both with the number of trees and 
as a result of the effects of tree spacing on the aerodynamic properties of the tree crowns. 
This finding is contrary to the assumptions made in the Gash and Rutter models, as well 
as by many other previous investigators, that meteorological conditions which exist 
during and after rainfall are much more important than stand structure and canopy 
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architecture in determining interception loss (Gash and Morton, 1978; Whitehead et al., 
1989). In addition to the boundary layer conductance, the free throughfall coefficient 
was also found to be affected by the spacing between trees, although the other canopy 
and stem parameters were unaffected, as discussed in the previous chapters. Before 
running and testing the models against any data it was, therefore, necessary to modify 
the models in a number of respects, which are discussed in the following sections. The 
modifications essentially involve the inclusion of the tree density dependent functions 
derived in Chapters 4 and 5. In general, the procedure adopted to run and test the models 
is as follows. 
Parameterise the two models with the best parameters obtained in 1988 and 
1989, taking into account the number of trees per hectare or the spacing between 
trees, whichever turned out to be most appropriate. This is acccomplished by 
expressing each parameter as a function of the variable. 
Using appropriate weather inputs of rainfall rate, amount and duration, 
saturation deficit and windspeed for the 1987 measurement period, make 
predictions with the models of throughfall, stemflow, and interception loss, both 
on a storm by storm basis and accumulated over time, for the same period in 1987 
for which the independent data-set exists. 
Compare the predictions with the measurements made over the same period 
and evaluate the performance of the models. 
6.2. The 1987 input and comparison data sets. 
Model parameters were derived based on the data of the 1988 and 1989 
measurement periods. Model calculations were based on meteorological data of 1987 
obtained from measurements over grassland at a nearby reference site of the Macaulay 
Land-Use Research Institute where gross rainfall was measured. Periods were omitted 
when the weather station data were incomplete. Therefore, there were data on saturation 
deficit, windspeed and rainfall at one-hour intervals for 32 storm events over an 
eight-week observation period, which were used to run both the Gash and Rutter models 
to enable prediction of throughfall, stemfiow and interception loss on a storm by storm 
basis, using the parameters listed in Table 5.10. The input data of one storm was 
separated from another by six hours withoutrain: this is long enough for the canopy to 
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dry before the next storm event takes place. In other words, at the end of each group of 
consecutive hours of rain, an intervening period of at least six hours without rain was 
included as part of the input data-set between the current end of a storm and the begining 
of the next group of rain hours. Six hours was chosen based on visual observation of a 
drying canopy in the field and following Gash (1979) who used the period of six hours 
to define a storm. 
The model-predicted values were compared against the measured data of 
throughfall, stemfiow and interception loss data collected in the initial stages of this 
experiment, in the autumn of 1987, over the same eight weeks period. Although the data 
were not used in the subsequent analysis of throughfall, stemfiow and interception loss 
presented in Chapter 4, both the throughfall and stemfiow data were collected in a similar 
manner to the 1988 data, as discussed in Chapter 3, but, because of their preliminary 
nature, are somewhat less well replicated and may be less accurate because of 
inexperience. Nonetheless, they provide an independent set of data against which the 
models can be evaluated. The test data-set for individual storms were derived from 
throughfall measurements using one plastic sheet gauge and stemfiow measurements 
using one sample tree in each spacing treatment. The stemfiow measurement from the 
single tree in each spacing treatment was weighted, based on the tree distribution by 
basal area class (Section 1.4), to obtain stemfiow on a unit area basis in each treatment 
plot, assuming that stemflow is proportional to basal area of the trees. As a result of 
logger failure, for some of the days data on throughfall from the plastic sheet gauge and 
stemfiow from the tipping bucket gauge were lost in the 2 m spacing treatment. There 
were, therefore, 21 storm events with data of throughfall and stemfiow for the 2 m 
spacing treatment and 32 storm events for the 4 m, 6 m, and 8 m spacing treatments. 
The total data on throughfall, stemfiow and interception loss over the eight-week 
period, on the other hand, are based on throughfall measured using four sample plots 
and stemflow on four sample trees in each spacing treatment and are summarised in 
Table 6.1 below. Throughfall was measured in three of the four sample plots using a 
large number of funnel gauges which were measured and emptied at weekly intervals 
and the fourth sample data came from the plastic sheet gauge mentioned above. 
Stemfiow from three of the four trees was collected in large plastic containers which 
were also measured and emptied at weekly intervals at the same time as the throughfall 
measurement from the funnel gauges. The data from the stemflow tipping bucket gauge 
mentioned above was included as the fourth stemfiow sample. 
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Both the throughfall and the stemfiow data from the four samples were tested 
statistically and although the data obtained from the plastic gauges gave fractionally 
smaller tbroughfall than the data from the funnel gauges, there were no significant 
differences between the four samples of the throughfall data. The models were, 
therefore, tested against the two sets of data, i.e. individual storm event data based on 
single throughfall and stemfiow measurements and the sum of the data over the 
eight-week period of the four throughfall and stemfiow measurements. 
Table 6.1. Total rainfall, P g. throughfall, 1', stemfiow, SF, and interception loss, I, for a period of 
eight weeks in 1987. %age is of gross rainfall. 
	
SPACING Pg 	T 	 SF 
(m) 	mm mm % mm % mm % 
2 	157.25 78.72 50.06 14.25 9.06 64.27 40.87 
4 157.25 110.16 70.05 334 2.12 43.75 27.82 
6 	157.25 126.11 80.19 132 0.84 2932 18.65 
8 157.25 139.78 88.89 0.53 034 16.93 10.77 
6.3. Use of the Gash model 
6.3.1. Introduction 
The analytical model of Gash (1979) was discussed in Chapter 2. This 
simplification of the rigorous Rutter et al. (1971) model is a physically-based model 
requiring in its simplest form inputs of rainfall for individual storms, estimates of the 
parameters characterising the vegetation, i.e. 5, S, p, Pt'  and an estimate of the mean 
evaporation, f, and rainfall rates, W, for the whole eight-week period from the saturated 
canopy during hours with rainfall as discussed in Chapter 2, to predict throughfall, 
stemilow and interception loss on a storm by storm basis. The Gash model, which was 
used in this experiment, is an adaptation from Gash (1979) developed by Versfeld 
(1985) (see Appendix VI, Model 1). 
As suggested by Gash (1979), hnd W were calculated without drawing up an 
hourly water balance, as in the Rutter model, to maintain the simplicity of the model. 
However, a different procedure from that conceived by Gash was adopted in the 
calculation of I as a function of tree spacing. 
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6.3.2. Procedure for the application of the Gash model 
The procedure followed in running the Gash model can be summarised as 
follows. 
Canopy and stem parameter values (S, S, P' Pt) required for the model were 
derived from the 1988 and 1989 measurement periods. The values selected for use 
are listed in Table 5.11. 
1 and k for the eight week study period in 1987 were derived for hours with 
a rainfall rate higher than a threshold value of 0.5 mm h 1 , a rate selected to 
match that of Gash (0.5 mm h 4 ). 
1 in each spacing treatment plot was calculated using the Penman equation 
ignoring the net radiation term (eq.5.4). 
The boundary layer conductance required for the solution of the Penman 
equation was derived as a straight line function of windspeed, u, and conversion 
factor,f, (eqs 5.7 and 5.8), using data of the 1989 measurement period. 
Windspeed, required for the estimation of the boundary layer conductance, 
was measured above grassland and not above the forest plots in 1987. The 
windspeed, which is assumed to be the same at 2 m above the canopy in all the 
treatment plots, was therefore calculated at 2 m above the canopy from the 
measurement over grassland following the method used by Rutter et al. (1975) 
i.e. (eq. 4.7). z0 and d for the 2 m spacing treatment were assumed to be 0. 1  
and 0.75h , respectively. 
The model was run on individual storm data to predict throughfall, stemfiow 
and interception loss on a storm by storm basis. 
The model predictions of throughfall, stemfiow and interception loss for each 
storm were summed to give totals for the whole of the 1987 eight-week 
observation period and the model predictions were compared against the measured 
individual storm values as well as with the total of the throughfall, stemfiow and 
interception loss data. 
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6.4. Use of Rutter model 
6.4.1. Introduction 
A description of the Rutter model is given in Chapter 2. It is essentially a 
numerical computer model which calculates a running balance of the depth of water on 
the forest canopy and tree trunks. The model, as implemented by Whitehead et al. (1989) 
in WATMOD was used in this experiment (see Appendix VI, Model 2). WATMOD was 
originaly developed to calculate throughfall, stemfiow and interception loss on an 
hourly, daily, monthly and yearly basis. Since the 1987 data in this experiment were 
restricted to an eight-week period, the model was rewritten to suit the available data and 
to predict throughfall, stemfiow and interception loss on an individual storm basis. The 
procedures adopted in running the model are discussed in the following section. 
6.4.2. Procedure for the application of WATMOD 
The model was applied to the same 1987 data set used for application of the Gash 
model (Section 6.3) by adopting the following procedure. 
The canopy and stem parameters S. S and Pt  were incorporated into the model 
as straight line functions and p as a power function, of the number of trees per 
hectare (Table 5.11). 
The evaporation rate from the saturated canopy was calculated from the 
modified Penman equation (eq.5.4) and when the canopy was partially wet, 
evaporation rate was calculated from E,.CIS. 
The boundary layer conductance for the solution of the Penman equation was 
determined using eqs. 5.7 and 5.8 as a straight line function of u andf. 
When the depth of water on the canopy, C, xceeded the canopy storage 
capacity, S, the drainage rate, D, was exponentialiy related to C-S (eq.5.1 1), by 
the intercept, a=0.008 and the slope, b=0.694, in the 2 in spacing treatment plot. 
D, which is obtained in kg tree -  mind , is converted to mm mind per unit ground 
area using the number of trees per hectare in the model. In the 4 m, 6 m and 8 m 
spacing treatment plots, however, the linear equation (eq. 5.10) was used. 
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The ratio of rate of evaporation from the trunk to rate of evaporation from the 
canopy, e, was incorporated into the model as a straight line function of the 
number of trees per hectare. 
The model was run by calculating evaporation rate, throughfall and 
stemfiow with an incremental time step of one minute to give throughfall, 
stemfiow and interception loss estimates per storm. These were finally summed to 
provide the total throughfail, stemflow and interception loss for the whole 
eight-week period. 
The model predictions of throughfall, stemilow and interception loss were 
finally compared with the two sets of measured data as with the Gash model. 
6.5. Results 
6.5.1. The Gash model 
L Outputs for individual storms 
The predicted values of throughfall, stemfiow and interception loss by the Gash 
model for each individual storm period in each spacing treatment are given in Appendix 
VII (Table 1). The storm-based output is also tabulated in Appendix VII (Table 2) for 
comparison against field data. As shown in Table 6.2 below, regression analysis 
indicates that there are consistent relationships between predicted and measured estimates 
of throughfall, stemflow and interception loss in all the treatments. The throughfall 
output from the Gash model shows good agreement with the measured throughfall. This 
close association between predicted and measured throughfall was further demonstrated 
graphically by plotting the estimated throughfall against the observed throughfall and 
drawing a 1:1 line through the data points as shown in Figure. 6.1 below. 
However, there are large intercepts and slopes much less than 1.0 for interception 
loss. The poorness of the Gash model prediction of I for individual storms was also 
demonstrated graphically by plotting the predicted interception loss against the observed 
interception loss, and by plotting the residuals of the model estimates against the 
observed interception loss as shown in Figures 6.2 and 6.3, respectively. These show 
that the model underestimates interception loss in all spacing treatments at values of 
122 
interception loss larger than 1.5 to 2 mm. This lack of fit and underestimation of the 
interception loss values for individual storm events can probably be attributed to 
inaccuracy in the measured test data. In other words, the observed interception loss was 
overestimated as a result of error in the measurement of either throughfall or stemilow. 
Since the field data on throughfall and stemfiow for individual storms were obtained 
from measurements using only one plastic sheet gauge and one tipping bucket stemilow 
gauge in each treatment, small sample size may be responsible for this errot Moreover, 
as discussed in Chapters 3 and 4, problems encountered with the throughfall 
measurements may have led to underestimation of the measured throughiall which could 
result in the overestimation of the observed interception loss. These problems include 
loss by evaporation during wetting up, possible evaporation of rain water during and 
after rainfall from the plastic sheet and possible loss of water as a result of overflow at 
the edges of the gutter or evaporation of accumulated water from the gutter as a result of 
the blocking of the gutter with sand. 
Table 6.2. The relation between observed and estimated throughfall (mm), stemfiow (mm) and 
interception loss (mm). (GMODEL) indicates Gash model estimates and (DATA) field data. 
ITEM 	 SPACING n 	 REGRESSION EQEQUATION 	 R2 
THROUGHFALL 	2 21 T(GMODEL) 	= 0.328 + 0.99T(DATA) 0.90 
4 32 T(GMODEL) = 0.424 + 1.16T(DATA) 0.92 
6 32 T(GMODEL) 	= 0.108 + 1.18T(DATA) 0.96 
8 32 T(GMODEL) = 0.152 + 1.11T(DATA) 0.98 
STEMFLOW 	2 21 SF(GMODEL) 	= -0.002+1.23SF(DATA) 0.96 
4 32 SF(GMODEL) 	= 0.008-i-0.78SF(DATA) 0.90 
6 32 SF(GMODEL) 	= 0.0 1 7-I-0.47SF(DATA) 0.61 
8 32 SF(GMODEL) 	= 0.007+0.67SF(DATA) 0.67 
INTERCEPTION 	2 	21 	I(GMODEL) = 	0.639 + 0.551(DATA) 	0.72 
4 32 J(GMODEL) = 0.398 + 0.281(DATA) 0.66 
6 	32 	J(GMODEL) = 	0.234 + 0321(DATA) 	0.79 
8 32 J(GMODEL) = 0.162 + 0.261(DATA) 0.67 
123 




















A 	 1. 
0 5 	10 	15 " 	 io 
T (DATA) T (DATA) 
Figure 6.1. The relationship between observed and Gash model predicted throughfall (mm) in each 
spacing treatment and the 1:1 line. 
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Figure 6.2. The relationship between observed and Gash model predicted interception loss (mm) in 
each spacing treatment and the 1:1 line. 
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Figure 6.3. Residuals of Gash model estimates of interception loss (mm), RESIDUAL 
J(GMODEL), against observed interception loss (mm), I(DATA). 
ii. Outputs for the entire eight-week period. 
The model predictions of total throughfall, steniflow and interception loss for the 
whole study period of 32 storm events were also compared with field data for the period 
of eight weeks. Table 6.3 indicates that, while the Gash model gave a satisfactory 
estimate in the 2 m spacing treatment, the model underestimated the interception loss by 
15.11 mm (34.54% of the observed interception loss) in the 4 m, by 7.76 mm (26.02%) 
in the 6 m, and by 3.45 mm (20.38%) in the 8 m spacing treatment. 
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Table 6.3. Comparison between observed and predicted throughfall, T, stemfiow, SF  and 
interception loss,!, in each spacing treatment for the eight-week period using the Gash model. 
SPACING 	Pg MODEL OBSERVED MODEL OBSERVED MODEL OBSERVED 
T T SF SF 1' 
M 	 mm mm nun Mn mm mm mm 
2m 	TOTAL 157.25 81.18 78.72 16.84 14.25 59.23 64.27 
MODEL ERROR (mm) +2.46 +2.59 -5.04 
MODEL ERROR (%) +3.12 +18.17 -7.84 
4m 	TOTAL 157.25 125.16 110.16 3.45 334 28.64 43.75 
MODEL ERROR (mm) +15.00 +0.11 -15.11 
MODEL ERROR (%) +13.62 +3.29 -34.54 
6 m 	TOTAL 157.25 134.05 126.11 1.13 132 22.06 29.82 
MODEL ERROR (mm) +7.94 -0.19 -7.76 
MODEL ERROR (%) +642 -1439 -26.02 
8 m TOTAL 157.25 	143.20 	139.78 	0.57 	0.53 	13.48 	16.93 
MODEL ERROR (mm) +3.42 +0.04 -3.45 
MODEL ERROR (%) 	+2.45 	 +7.54 	 -20.38 
As can be seen in Table 6.3, the failure of the Gash model to predict interception 
loss satisfactorily at wider spacings may have been the result of its well-known 
sensitivity to r(Pearce eral., 1978), (see later). Using mean values of gand W for hours 
when rainfall exceeds 0.5 mm could lead to error because the canopy may or may not 
always be saturated when rainfall exceeds 0.5 mm. Therefore, using E1k for saturated 
canopy conditions with I lower and R higher than the actual conditions could lead to 
underestimation of the interception loss. The assumption that evaporation from the trunk 
occurs after rainfall, either as the complete trunk storage (any excess over the storage 
value running off as stemflow), or as the fraction of rainfall diverted to the trunks when 
this value is less than the trunk storage may have also contributed to an underestimation 
of the total evaporation from the wider spacing treatments. 
iii. Sensitivity of the Gash model. 
The sensitivity of the Gash model to errors in model parameter values was 
investigated to examine the precision of the model predictions. Although there are a 
large number of properties of both environment and stand which could be considered 
both singly and in combination, the analysis of model sensitivity has been simplified by 
considering only the most important stand parameters: these include canopy storage 
capacity, 5, free throughfall coefficient, p, and mean evaporation rate derived for the 
whole study period, I In order to assess the sensitivity of the model to these parameters, 
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the model was run for the 2 m and 8 m spacing treatments, using the same, actual 1987 
meteorological data, but various combinations of values of S, p and E. The values 
chosen represent the range of values within ±30% error limits likely to be encountered in 
the measurement or derivation of the parameters. The results of these calculations are 
given in Tables 6.4 and 6.5 below for the 2 m and 8 m spacing treatments, respectively. 
As can be seen from Tables 6.4 and 6.5, the model is quite sensitive to changes in 
S and I but insensitive to changes in p for the 2 m spacing. On the other hand, a 
contrary trend was found for the 8 m spacing, i.e. the model is less sensitive to changes 
in S but moderately sensitive to changes in p and extremely sensitive to changes in I For 
example a change of 30% in S, at  = 0.08, and, 1=0.17, for the 2 m spacing produces 
a variation in interception loss of 9.63% while for the 8 m spacing, the change of 30% in 
5, at p = 0.77, and 1= 0.07, produces a variation in interception loss of only 4.86%, 
i.e. almost half of the effect when run for the 2 m spacing. However, the sensitivity of 
the model top increases from the 2 m to the 8 m spacing by a factor of 15 although the 
deviation from the calibration run is still not large. This analysis is cif great interest 
because it provides some insight into the likely source of variation of the interception 
loss observed in the four spacing treatments. The analysis shows that the most important 
parameter in the Gash model is the mean evaporation rate (Tables 6.4 and 6.5): a change 
of 30% in E at S = 1.09, and p = 0.08, for the 2 m spacing produces a deviation of 
11.56% in interception loss whereas for the 8 m spacing a deviation of 22.55% results 
i.e. almost double. The conclusion that can be drawn from the result of this analysis is 
that the Gash model does not appear to function well when stretched beyond its 
calibrated limits for closed forests. 
Table 6.4. Estimated interception loss, I, using actual meteorological data and various values of the 
canopy storage capacity, S. the free throughfall coefficient, p, and mean evaporation rate, 
E, for the 2 in spacing treatment. %I is deviation of the model predicted interception loss 
from the calibration run. 
(mm) mm h4 mm % 
0.76 	0.06 0.12 46.13 -22.12 
0.17 5333 -9.96 
0.22 60.50 +2.14 
0.08 0.12 45.96 -22.40 
0.17 53.14 -10.28 
0.22 60.28 +1.77 
0.10 0.12 45.79 -22.69 
0.17 52.94 -10.62 
0.22 60.05 +1.38 
contd..... 
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Table 6.4 contd. 
1.09 	0.06 0.12 5257 -11.24 
0.17 59.48 +0.42 
0.22 66.34 +12.00 
0.08 0.12 5236 -11.60 
0.17 59.23 0.00 
0.22 66.05 +11.51 
0.10 0.12 52.13 -11.99 
0.17 58.97 -0.44 
0.22 65.74 +10.99 
1.42 	0.06 0.12 58.46 -130 
0.17 64.98 +9.71 
0.22 71.41 +20.56 
0.08 0.12 58.09 -1.92 
0.17 64.55 +8.98 
0.22 70.95 +19.79 
0.10 0.12 57.69 -2.60 
0.17 64.11 +8.24 
0.22 70.45 +18.94 
Table 6.5. Estimated interception loss, I, using actual meteorological data and various values of the 
canopy storage capacity, S. the free throughfail coefficient, p, and mean evaporation rate, 
E, for the 8 m spacing treatment. %I is deviation of the model predicted interception loss 
from the calibration run. 
S 	 p 	E 	 I 	I 
(mm) mm ht 	 mm % 
0.07 	0.54 0.048 9.90 -26.56 
0.068 13.08 -2.97 
0.088 16.27 +20.69 
0.77 0.048 9.69 -28.12 
0.068 12.80 -5.04 
0.088 15.90 +17.95 
0.93 0.048 9.09 -32.57 
0.068 11.92 -1157 
0.088 14.55 +7.94 
0.10 	0.54 0.048 10.81 -19.81 
0.068 13.97 +3.64 
0.088 17.18 +27.45 
0.77 0.048 10.44 -2235 
0.068 13.48 0.00 
0.088 16.52 +22.55 
0.93 0.048 953 -2930 
0.068 12.22 -934 
0.088 14.64 +8.61 
0.13 	0.54 0.048 11.63 -13.72 
0.068 14.76 +9.49 
0.088 17.89 +32.72 
0.77 0.048 11.10 -17.66 
0.068 14.11 +4.67 
0.088 17.10 +26.85 
0.93 0.048 9.94 -26.26 
0.068 12.47 -7.49 
0.088 14.72 +9.20 
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6.5.2. The modified WATMOD. 
i. Outputs for individual storms. 
The predictions of throughfall, stemfiow and interception loss from the modified 
WATMOD for each individual storm are shown in Appendix VII (Table 3) and Appendix 
VII (Table 4). The regressions between the model predictions and the measurements of 
throughfall, stemfiow and interception loss of individual storms are given in Table 6.6 
below, which shows that there are close associations between the predicted and 
measured values in all the spacing treatment plots. The relationships between predicted 
and measured throughfall and interception loss for each spacing treatment are also shown 
graphically in Figure 6.4 and 6.5, respectively. Figure 6.6 shows the relationship 
between the residuals of the predicted interception loss against the observed interception 
loss. All the figures demonstrate that, despite the close association between the observed 
and predicted values, the predicted interception loss for individual storms is 
underestimated in the 4 m, 6 m and 8 m spacing treatment at values of I greater than 1.5 
to 2 mm probably because of error in the field data, as described in the case of Gash 
model. 
Table 6.6. The relation between storm-based observed and predicted values in each spacing 
treatment. (WMODEL) indicates WATMOD output and (DATA) field data. 
iTEM 	 SPACING pa 	 REGRESSION EQUATION 	 R 1 
THROUGHFALL 	2 21 T(WMODEL) = 	0.014 + 0.95T(DATA) 0.97 
4 32 T(WMODEL) = 	0.192 + 1.11T(DATA) 0.96 
6 32 T(WMODEL) = 	0.001 + 1.16T(DATA) 0.98 
8 32 T(WMODEL) = 	0.065 + 1.10T(DATA) 0.98 
STEMFLOW 	2 21 SF(WMODEL) = 	0.033 + 1.01SF(DATA) 0.91 
4 32 SF(WMODEL) = 	0.011 + 0.70SF(DATA) 0.94 
6 32 SF(WMODEL) = 	0.019 + 0.46SF(DATA) 0.67 
8 32 SF(WMODEL) = 	0.007+ 0.55SF(DATA) 0.67 
INTERCEPTION 	2 	21 	I(WMODEL) = 	0.058 + 1.0OI(DATA) 	0.90 
4 32 J(WMODEL) = 	0.250 + 0.601(DATA) 0.86 
6 	32 	I(WMODEL) = 	0.177+0.50I(DATA) 	0.83 
8 32 I(WMODEL) = 	0.146 + 0.401(DATA) 0.81 
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Figure 6.4. The relationship between observed and WATMOD predicted throughfall (mm) in each 
spacing treatment and the 1:1 line for individual storms. 
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Figure 6.5. The relationship between observed and WATMOD predicted interception loss (mm) in 
each spacing treatment and the 1:1 line for individual storms. 
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Figure 6.6. Residuals of WATMOD estimates of interception loss (mm), RESIDUAL 
I(WMODEL), against observed interception loss,! (DATA) for individual storms. 
ii. Outputs for the eight-week period. 
Comparison between the total measured throughfall, stemfiow and interception 
loss for the 32 individual storms over the eight-week period and the modified WATMOD 
predictions of throughfall, stemfiow and interception loss is shown in Table 6.7 below. 
As shown in the table, the degree of under- or overestimation as a percentage of the 
observed values appears to be satisfactory. 
Based on this result, WATMOD, with the modifications incorporated into it, 
appears to offer a satisfactory approximation of the interception process in agroforestry 
systems, when summed over a number of storm events. 
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Table 6.7. Comparison between total observed and the modified WATMOD predicted throughfall, T, 
stemfiow, SF,  and interception loss, I, in each treatment plot. 
SPACING 	Pg MODEL OBSERVED MODEL OBSERVED MODEL OBSERVED 
T 	T 	SF 	SF 	 I 
m 	 mm 	mm mm mm mm mm 	mm 
2 m 	TOTAL 157.25 70.66 78.72 15.16 14.25 70.68 64.27 
MODEL ERROR (mm) -8.06 +0.91 +6.41 
MODEL ERROR (%) -10.23 +638 -4-9.97 
4m 	TOTAL 157.25 113.71 110.16 3.04 3.34 40.41 43.75 
MODEL ERROR (mm) +3.55 -030 -3.34 
MODEL ERROR (%) +322 -8.98 -7.63 
6 m 	TOTAL 157.25 127.92 126.11 1.17 132 28.12 29.82 
MODEL ERROR (mm) +1.81 -0.15 -1.70 
MODEL ERROR (%) +1.43 -1136 -5.70 
8 m 	TOTAL 157.25 139.13 139.78 0.51 0.53 17.59 16.93 
MODEL ERROR (mm) -0.65 -0.02 -0.66 
MODEL ERROR (%) -0.46 -3.77 -3.89 
iii. Sensitivity of the modified WATIvIOD. 
The sensitivity of WATMOD, with the incorporated modifications, to stand 
parameters and meteorological variables was examined. The sensitivity analysis has been 
simplified in the same way as was done for the Gash model, by considering only the 
most important stand parameters, which include canopy storage capacity, 5, free 
throughfall coefficient, p, and boundary layer conductance, ga  To assess the sensitivity 
of the model to these parameters, the model was run for the 2 m and 8 m spacing 
treatments using the same, actual 1987 meteorological and gross rainfall data, but 
various combinations of values of S, p and ga  as a function of windspeed, u. The 
predicted interception loss using alternative values of the parameters was expressed as a 
percentage of the interception loss using the standard set of parameters to examine the 
variation produced. The alternative parameter values were chosen to cover the range of 
±30% deviation from the calibrated parameter value in either the 2 m or the 8 m spacing 
treatment. 
As can be seen from Tables 6.8 and 6.9, the model is insensitive to changes in 
both S and  but extremely sensitive to changes in ga  for the 2 m spacing. For the 8 m 
spacing, on the other hand, the model is extremely sensitive to changes in both p and  ga- 
For example a change of 30% in p at S= 1.09 and 9a=0-1  Ou in the 2 m spacing leads to a 
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change in interception loss of 0.8% only, while for the 8 m spacing a change of 30% in 
p at S=0. 13 and g-0.04u produces a change in interception loss of 33.7%. The result 
of this analysis indicates that the free throughfall coefficient is the main stand property 
responsible for the variation of interception loss between the treatments in widely spaced 
stands. The analysis also shows that the boundary layer conductance is another very 
important parameter (Tables 6.8 and 6.9). A change of 30% in ga  at S=1.09 and p=0.08 
for the 2 m spacing leads to a change of 16.0% in interception loss, and at S-0. 13 and 
p=0.72 for the 8 m spacing produces a change in interception loss of 14.8%, indicating 
that the major source of variation of interception loss in all the spacing treatments is g• 
Table 6.8. Estimated interception loss,!, using actual meteorological data and various values of the 
canopy storage capacity, S. the free thmughfall coefficient, p, and boundary layer conductance, 
as a function of windspeed, u, for the 2 m spacing treatment. 
S 	 p 
(mm) mmh 
0.76 	 0.06 0.07u 54.49 -22.90 
O.lOu 66.94 -5.29 
0.13u 76.18 +7.78 
0.08 0.07u 54.18 -23.34 
0.lOu 6639 -6.06 
0.13u 75.44 +6.73 
0.10 0.07u 53.84 -23.82 
0.lOu 65.82 -6.87 
0.13u 74.69 +5.67 
1.09 	 0.06 0.07u 57.79 -18.23 
0.lOu 71.13 +0.64 
0.13u 80.89 +14.45 
0.08 0.07u 57.47 -18.68 
0.lOzs 70.68 0.00 
0.13u 80.12 +13.36 
0.10 0.07th 57.14 -19.15 
OJOU 69.99 -0.97 
0.13zs 7932 +12.22 
1.42 	 0.06 0.07u 6030 -14.68 
0.lOu 74.49 +539 
0.13u 84.61 +19.71 
0.08 0.07u 59.99 -15.12 
0.lOu 73.88 +4.53 
0.13u 83.74 +18.47 
0.10 0.07u 59.67 -15.57 
0.lOu 73.26 +3.65 
0.13u 82.85 +17.22 
133 
Table 6.9. Estimated interception loss, I, using actual meteorological data and various values of the 
canopy storage capacity, S, the free throughfall coefficient, p, and boundary layer 
conductance, ga,  as a function of windspeed, u, for the 8 m spacing. 
S 	 p 	 ga 	 I 
(mm) 	 mm h 1 mm 	% 
0.09 	 050 0.03u 15.62 -11.19 
0.04u 1939 +10.23 
0.05u 22.56 +28.25 
0.72 0.03u 13.67 -22.29 
0.04u 16.45 -6.48 
0.05u 18.74 +6.54 
0.93 0.03u 7.74 -55.99 
0.044s 8.46 -51.90 
0.05u 8.98 -48.95 
0.13 	 0.50 OABu 16.81 +4.43 
0.044s 20.74 +17.90 
0.05u 23.95 +36.16 
0.72 0.03is 14.63 -16.83 
0.04u 17.59 0.00 
0.05u 19.85 +12.85 
0.93 0.03u 8.20 -53.38 
0.04u 8.87 -49.57 
0.05u 9.29 -47.19 
0.17 	 0.50 0.03u 17.69 +0.57 
0.04u 21.79 +23.87 
0.05u 25.11 +42.75 
0.72 0.03u 15.42 -12.34 
0.04u 18.45 +4.89 
0.05u 20.84 +18.48 
0.93 0.03u 8.57 -51.28 
0.04u 9.18 -47.81 
0.05u 9.51 -45.94 
6.5.3. Assessment of the definition of a storm event. 
The arbitrary period of six hours without rainfall used to separate one storm event 
from the next in running modified WATMOD was selected partly for simplicity. This 
assumption was examined to see if it held up for the climate at Cloich by assessing the 
effects of changing the number of hours without rain on the model predictions as shown 
in Table 6.10. The assessment was carried out by running the model on a few selected 
storms with an extended number of hours without rain after the storms. Changes in the 
water retained on the canopy, C, and loss by evaporation, E, at 1-hour intervals were 
calculated until both values were reduced to zero, to find the number of hours it took for 
the canopy to dry after rain stopped. As shown in Table t ,.10, n average it took 15 
hours, 3 hours, 2 hours and 1 hour in the 2 m, 4 m, 6 m, and 8 m spacing treatments, 
respectively, for the water on the canopy and the rate of evaporation from the canopy to 
decline to zero after the storm ended. The model was again run to find the number of 
hours for C and E to decline to 95% of their values when rainfall ceased. This reduced 
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the number of required hours without rain between storms to 7 hours in the 2 m spacing 
while it was unaffected in the other spacing treatments. This indicates that taking six 
rain-free hours to separate one storm from another will introduce only a 5% error in the 
prediction of interception loss for the 2 m spacing and no errors in the other spacings. 
Table 6.10. Assessment of the effects of changing the number of dry hours on the modified 
WATMOD prediction of interception loss (mm). 
SPACING 	FINAL C 	NO OF EXTENDED NO OF HOURS 	 I 
a 	 DRY HOURSb TO  DRYNESSC (mm) 
2 	 0.00 	 6 	 * 4.30 
0.00 48 15. 4.50 
5.00 	 48 	 7 4.30 
4 	 0.00 6 3 2.49 
0.00 	 48 	 3 2.49 
5.00 48 	- 	 3 2.49 
6 	 0.00 	 6 2 1.76 
0.00 48 	 2 1.76 
5.00 	 48 2 1.76 
8 	 0.00 6 	 1 1.12 
0.00 	 48 1 1.12 
5.00 48 	 1 1.12 
a the assumed final value of C as a %age of its value at the end of the storm 
• b the number of hours without ram introduced between storms 
c the number of hours it took for the canopy to dry 
* indicates that the canopy did not dry 
6.6. Discussion. 
Predictions made with the Gash model show a weak association with individual 
storm data and lead to a relatively low estimate of interception loss when compared with 
the measurements over the whole eight week period of field data. On the other hand, 
predictions made with the modified WATMOD, show a closer association with 
individual storm field data and very good agreement with the measured data of 
throughfall, stemfiow and interception loss over the eight-week period, as a result of the 
modifications which were incorporated into it. The failure of both models to predict 
interception loss for individual storms as discussed previously is ascribed to inaccuracies 
in the measurement of throughiall in the field rather than to inadequacies of the models. 
Accurate throughfall and stemflow data are dependent on a sample of sufficient 
size and a measurement system of sufficient accuracy. The blockage of the gutter of the 
plastic sheet gauge by sand, which may lead to overflow of water from the edges of the 
gutter in large storms or to accumulation and evaporation of water from the gutter, and 
the loss of rain water from the wetting up of the plastic sheet and possible evaporation 
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from the plastic sheet itself during and after rainfall, may contribute to the 
underestimation of throughfall, although it was not possible to observe the extent of 
these losses in the field during this experiment. For example, Whitehead et al. (1989) in 
their experiment estimated an average wetting loss of <1% for storms up to 10 mm from 
a galvanised throughfall trough 5 m long and 0.2 m wide. At the wider spacings, the rate 
of loss of rain water from the plastic sheet may increase because the plastic sheet is larger 
in size and more exposed to evaporation. This could be the reason, in addition to 
inadequacy of the sample size, why the predicted interception loss for individual storms 
was more incompatible with the observed interception loss at the wider spacings. 
Nontheless good relationships have been obtained between the predicted and observed 
individual storm throughfail data using both models. However, this does not hold when 
looking at the inverse relationship - interception loss - as small error in throughfall 
measurement can lead to large increases in interception loss particularly for larger storms 
and in wider spacings. 
Predictions of the Gash model, when compared to field measurements based on a 
large sample of observations of throughfall and stemfiow over eight weeks, also 
consistently underestimated interception loss. The failure of the Gash model consistently 
to predict observed values of interception loss may have a number of potential causes as 
explained in Section 6.4. The model has been found to show a surprising sensitivity to 
changes in f Without changing S, if Iis decreased by 30%, which is equivalent in effect 
to a halving of the canopy cover, interception loss is decreased by 17%, which is in 
agreement with previous analysis in the literature. For example, Pearce et al., (1980b) 
found a 20% decrease in interception loss as a result of a 33% reduction in E Therefore, 
it is to be expected that in the wide spacing treatments the model would significantly 
underestimate the interception loss, as the evaporation rate per unit ground area is very 
low. In general, the Gash model does not appear to function well when stretched beyond 
its calibrated limits. A further observation is that the amount of rain required to saturate 
the canopy (RSC) and the time required to saturate the canopy (TSC) increase with 
increasing p (proportion of gap space) unless matched by an equivalent decrease in S. 
For example, although S decreased by 50% between the 6 m and 8 m spacing 
treatments, RSC and TSC increased by 25% as a result of the increase of p by 64%. In 
other words, if p is increased to 0.99 without an equivalent decrease in S, according to 
the Gash model the canopy never saturates. 
On the other hand, WATMOD as modified by incorporating the parameters as 
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functions of spacing has been shown to be a suitable model for predicting interception 
loss in agroforestry systems of land-use. 
The sensitivity analysis carried Out to test the influence of changes in the 
parameters in modified WATMOD on the output of the model, as presented in Section 
6.5, was done by giving ±30% alternative values to one parameter after another and 
comparing the calculated interception loss with the output of the calibration run derived 
using the standard set of parameters. The trunk parameters were not considered in this 
analysis because their contribution to the total interception loss is much less significant 
than the canopy parameters. The analysis showed that the modified WATMOD is very 
sensitive to changes in stand structure and boundary layer conductance both of which are 
responsible for the variation of interception loss in the four spacing treatments. The most 
striking influence on the predicted interception loss was the change in g'  demonstrating 
that boundary layer conductance is of far greater hydrological importance than 
appreciated hitherto. These findings are contrary to the assumptions of previous workers 
that the meteorological conditions which exist during and after rainfall are much more 
important than stand structure in determining interception loss (Gash and Morton, 1978; 
Whitehead et al., 1989). 
The very considerable effect of a small change in the coefficient of free throughfall 
is also remarkable. Since p changes with change in spacing distance between trees, for 
example in the 8 m spacing p is approximately 0. 80 as compared with 0.08 in the 2 m 
spacing, its effect on the amount of throughfall is clear. 
Some of the empiricisms in the original WATMOD have been eliminated in the 
present model as a result of the findings of this experiment. The most important of these 
is the incorporation of as a function of spacing and windspeed, in contrast to the 
original model in which it was assumed that ga  does not change with spacing, but could 
be taken as 0.1u in all spacings. The other important change made to WATMOD is in the 
rate of drainage from the canopy, D, which was assumed to be exponentialy related to 
the amount of water on the canopy, C, by the empirically determined drainage rate, D 5 , 
and the coefficient, b, which was also assumed to be constant in all spacings. It was, 
however, found that D was related to C-S by an exponential function only in the closed 
spacing and by a linear function in widely spaced stands and both functions 
were incorporated into the model. The DRIP function in the original model, used in 
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conjunction with the exponential drainage function to calculate drainage when C>S, was 
also eliminated because there appeared to be no justification for its inclusion. The 
coefficient, e, which is used to predict evaporation rate from the trunk is also an 
empirically determined variable that was assumed to be constant irrespective of spacings 
in the original model. In this experiment e was found to be linearly related to the number 
of trees per hectare and this was also incorporated into the model. In the thinning 
simulation carried out using the original WATMOD, S was assumed to -be proportional, 
and p inversly proportional, to leaf area index, and S and Pt  proportional to the number 
of trees per unit area (Whitehead et al. 1989). This assumption was used because the 
parameters were not measured for the thinned stands being simulated. In the present 
experiment, however, the parameters were directly obtained from both the volume 
exchange and the mass balance experiments and S, S, and Pt  were found to be 
proportional to the number of trees per hectare and p was found to be related to the 
number of trees per hectare by a negative power function. It was after incorporation of 
all these modifications that the modified WATMOD was finally able to perform 
satisfactorily across a wide range of spacings. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1. Introduction 
Interception loss of rainfall by forests has long been under study in various parts 
of the world. The effect of forests on interception loss has been studied and modelled 
with varying degrees of success. Investigators in various fields, such as forestry, 
agriculture, meteorology and hydrology have made a number of studies of interception. 
loss for different purposes and from various points of view. The results that have been 
compiled so far have highlighted the role of interception loss in the water balance of 
stands and catchments and, most importantly, the difficulty of extrapolating results 
obtained in one locality to other regions and forest types. However, there has been no 
investigation of interception loss so far in the field of agroforestry, despite the current 
considerable, growing interest in understanding the environmental impact of 
agroforestry systems. The most important question which this experiment was 
designed to answer is, "What effect does agroforestry have on the interception loss of 
the tree stands". The present work was, therefore, carried Out to investigate the effect 
of agroforestry on rainfall interception loss as a contribution to the increasing current 
developments of agroforestry in the world at large. The conclusions that can be drawn 
from this project fall into two parts. The first part is concerned with matters relating to 
the instrumentation and measurement problems involved in determining interception 
loss. The second part consists of the scientific conclusions and recommendations that 
can be drawn from the findings of the present experiment. 
7.2. Instrumentation and measurement problems. 
7.2.1.The volume balance method. 
In any interception experiment, it is always desirable to measure as accurately as 
possible the amounts of rainfall, throughfall and stemfiow. Experiments conducted by 
Law (1957) and Reynolds and Leyton (1965) showed that rainfall measurements made 
above the forest canopy are subject to large errors attributable to the disturbing effect 
of wind on raingauge catch and that this usually results in underestimation of rainfall 
(Rodda, 1967; Green, 1970; Ward, 1975). For this reason, in many interception 
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experiments, as well as in this experiment, gross rainfall has been measured in forest 
openings rather than at canopy level. Gross rainfall measured in the forest opening at 
this experimental site was assumed to give a good estimate of the rainfall landing on 
the forest canopy. It must, however, be recognized that this assumption could be in 
error. As the site where the experiment was conducted is exposed to wind, the rainfall 
over the forest canopy may not be evenly distributed. Despite this uncertainty, which 
is inherent in any measurement of gross rainfall, the gross rainfall measurement in this 
experiment was satisfactory, as shown in Chapters 3 and 4, as a result of the large 
number of gauges used for a relatively small area of forest. 
The data on gross rainfall, in addition to assessing interception loss over longer 
time intervals, were also required as inputs for model predictions. Both standard 
storage raingauges and tipping bucket raingauges were, therefore, needed in this 
experiment to meet these objectives. It can, therefore, be concluded that in an 
experiment like this the type of gauge is as important as the number of gauges to be 
used. 
In the case of throughfall measurement, the most important consideration has 
always been the number of gauges to be employed, because throughfall is unevenly 
distributed under forest canopies. To achieve accurate measurement of throughfall, 
previous investigators have followed either one or both of two approaches, i.e. either 
to employ a large number of funnel gauges or to use large troughs or sheet gauges to 
integrate the throughfall variation. In this experiment, throughfall was measured both 
by means of a large number of plastic funnel gauges and by using large plastic sheet 
gauges installed in each spacing treatment. The results given in Chapters 3 and 4 show 
that, although the plastic sheet gauges gave fractionally smaller throughfall amounts 
than were obtained from the large number of plastic funnel gauges, the difference 
between the two estimates was within the error limits. The difference was attributed to 
loss of water by evaporation during and after rainfall from the plastic sheet gauges, 
and overflow of water from the edges of the gutter in large storms as a result of the 
blockage of the gutter by sand. To obtain mean throughfall estimates over long time 
intervals, it is concluded that funnel gauges are probably more suitable. 
However, data on throughfall are also required to derive canopy parameters 
such as canopy storage capacity, S, and free throughfall coefficient, p. These can only 
be obtained by analysis of individual storms using either troughs or plastic sheet 
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gauges together with tipping buckets. It is, therefore, concluded that the type of gauge 
is as important as the number of funnel gauges in the measurement of throughfall for 
modelling purposes. 
The problems encountered in this experiment with regard to the loss of water 
during wetting up by evaporation from the plastic sheet gauges and blocking of the 
gutters by sand require special attention in future interception experiments. By 
estimating the loss from these sources, a correction could be applied to the throughfall 
data. Although it has been shown that the use of plastic sheet gauges is particularly 
useful, difficulties in the construction and maintainance of such gauges in the field 
should be given special consideration in future applications. 
Similarly, stemfiow was measured using two types of gauges, both to obtain 
data required for deriving model parameters and to assess mean stemfiow 
corresponding to mean gross rainfall and throughfall over longer time intervals. In 
each spacing treatment, four sample trees were used in 1987 and these were increased 
to six in 1988, out of which one sample tree was used to assess stemilow on a storm 
basis for the determination of trunk parameters, including the trunk storage capacity, 
and proportion of rain diverted to stemfiow, Pt'  using tipping bucket gauges. 
Stemfiow from the rest of the sample trees was collected in plastic containers over 
longer time intervals for assesment of mean stemfiow. The results presented in 
Chapters 3 and 4 indicate that the method used in this experiment for measuring 
stemfiow was satisfactory. Naturally, more accurate results would be obtained if 
stemfiow had been measured on a larger number of sample trees over a wider range of 
tree sizes. Nevertheless, this may not be vital as stemflow often accounts for only a 
small proportion of the gross rainfall, as in this experiment. 
The environmental variables measured above grassland at the nearby reference 
site of the Macaulay Land-Use Research Institue, including windspeed and vapour 
pressure deficit, were used in this experiment in 1987 and 1988 by applying some 
corrections to the raw data. As wet-bulb depression was measured using a 
non-aspirated psychrometer, a correction factor was applied to the data. As the 
windspeed was measured above grassland, windspeed at 2 m above the tree canopies 
was calculated from the measurement over grassland using a formula (eq.4.7) derived 
by combining Heliman's formula and the formula for the semilogarithmic wind 
profile. There is clearly a danger in using data tranformed using an empirically derived 
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formula of this kind, as this could introduce error. Nonetheless, the results obtained 
based on the tranformed data of windspeed and the corrected vapour pressure deficit 
data were satisfactory. However, the measurement of windspeed above the forest 
canopy and the measurement of wet-bulb depression using an aspirated psychrometer 
are to be preferred. 
7.2.2. The mass exchange method. 
The novel mass exchange method was invented to measure evaporation rate 
directly so as to be able to derive model parameters with higher precision than is 
possible by the volume balance method. To measure evaporation rate more accurately, 
a method was developed in which a tree was cut and suspended from a load cell in 
each spacing treatment. This tree was wetted and the change in weight of the tree was 
measured, as it dried in an atmosphere of appreciable vapour pressure deficit. A 
number of precautions were taken to ensure that a representative tree was selected, the 
cut tree did not dry fast, water was sprayed uniformly over all leaf surfaces of the tree 
crown, and recording of the weight of the tree was not seriously affected by wind as a 
result of the tree swaying. 
Complete wetting of the tree was ensured by continuing the spraying of the tree 
until the weight of the tree plus water remained constant. To minimize water loss from 
the cut tree, the cut end of the stem was wrapped in a plastic bag and, the weight of the 
dry tree was checked every day before starting the experiment to see that its weight did 
not significantly change from its original weight. Although calm days were chosen for 
the experiments, the data on the weight of the tree in some of the observation periods 
were found to be noisy as a result of the disturbing action of the wind. Despite all 
these problems, the technique and the instruments used in the method were satisfactory 
and very good results have been obtained, as shown in Chapter 5. It must, however, 
be recognized that the method has some limitations in that it can only be carried out in 
places where there is an adequate supply of water and it is inconvenient to apply in 
closed canopies of forest stands. Again, more accurate results would have been 
obtained if a larger number of sample trees, covering a wider range of tree sizes had 
been used. 
Measurement of the tree weight was also accompanied by measurement of 
meteorological variables. Four sets of four parallel thermojunctions and a radiation 
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thermometer were used to measure leaf surface temperature of the crown by sampling 
four branches. The branch samples were randomly selected to ensure that 
representative surface temperature measurements of the crown were obtained but the 
sample was necessarily rather small and consequently limited accuracy of the 
temperature measurement. Both the radiation thermometer and thermocouples 
functioned reliably and the psychrometer also proved reliable. 
7.3. Scientific conclusions and recommendations drawn from the 
findings. 
The findings for the closed stand were compared with those in the literature for 
other coniferous forests and were found to be fairly consistent. The results presented 
in Chapter 4, based on a 17-week observation period in 1988, indicate that the 
estimates of throughfall of 50%, stemflow of 16% and interception loss of 33% 
obtained in the closed stand are in agreement with previous results reported in the 
literature for Sitka spruce. 
The considerable differences in throughfall, stemflow and interception loss that 
occurred in the four spacing treatment plots were analysed by means of statistical tests 
and it was shown clearly that the differences were not the result of errors involved in 
measurement, but were real and significant results of the difference in spacing distance 
between the trees, which determined the amount of throughfall and stemflow received 
and the amount lost by evaporation from the canopy and the trunk. The free 
throughfall coefficient, p, which is a measure of gap size and is, therefore, a function 
of spacing, and the boundary layer conductance, g'  which is also a function of 
spacing, were largely responsible for the variation amongst the spacing treatments. 
Throughfall, stemfiow and interception loss were found to be 72%, 3%, and 24% of 
gross rainfall, respectively, in the 4 in , 85%, 1%, and 15% of gross rainfall, 
respectively, in the 6 m, and 90%, 0.5%, and 9% of gross rainfall, respectively, in the 
8 m spacing treatment plot. 
The following relationships between throughfall, T, stemilow, SF,  and 
interception loss, I, (expressed as percentage of gross rainfall) and spacing (expressed 
as number of trees per hectare, N) were established: 
T = 254.87N 019 	 (R 2 = 0.98) 
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Sp ='O. 00 12N1_20 	 (R 2 = 0.99) 
I = (37.5 x 0.09N)/(37.5+0.09N) 	(R 2 = 0.99). 
As errors in the measurement of throughfall and stemfiow were small, the 
function for interception loss can be considered reliable, as can the model parameters 
derived from them, including the canopy storage capacity, S. free throughfall 
coefficient, p, trunk storage capacity, S, proportion of rain diverted to stemfiow, p t, 
the coefficient of evaporation from the trunk, e, and the boundary layer conductance, 
ga' although ga  contained an error component arising from the measurement errors of 
the meteorological variables used in the derivation. The following relationships 
between the parameters and spacing were established: 
S = 	0.0826 + 0.0003745N 	 (R2 = 0.99) 
p = 34.4192N-0-7648 	 (R 2 = 0.98) 
S = 	-0.0177 ± 0.0001254N 	 (R2 = 0.99) 
Pt 	-0.0043 + 0.00005476N 	 (R2 = 0.99) 
Ds = 	0.00000331 + 0.000000015N 	(R 2 = 0.99) 
b = 2152.2739N 08155 	 (R2 = 0.99) 
e = 	-0.0001223 + 0.0000398N 	 (R 2 = 0.99) 
ga = (0. 19x0.0007N)/(0. 19+0.0007N) 	(R2 = 0.99). 
Some of these parameters, including S, Ds,  b and g'  were also derived using 
the mass exchange method described in Chapter 5 with somewhat higher accuracy and 
the following relationships with spacing were established: 
S = 0.0801 + 0.0003375N 	 (R 2 = 0.99) 
D = 0.008exp(0.694(C-S)) (for closed stand) 	(R 2 = 0.83) 
D = 0. 105(C-S) (for open stand) 	 (R 2 = 0.90) 
ga = (0.1219 - 0.0102Sp)u 	 (R2 = 0.96). 
Using the latter set of functions of S, D and ga'  since it was regarded as the 
most accurate, predictions of rainfall interception for individual storms and their total 
sum for the whole eight-week study period of 1987 were made by the Gash model and 
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by the WATMOD implementation of the Rutter model, modified to take spacing into 
account. The predictions of both models were tested against the observed rainfall 
interception data of individual storms and the sum over the whole period of eight 
weeks. The Gash model substantially underestimated interception loss at the wide 
spacings while the modified WATMOD provided very good predictions of interception 
loss in all the spacing treatments. It is, therefore, concluded that WATMOD, modified 
by inclusion of the recommended spacing dependent functions, is a reliable model for 
predicting interception loss in agroforestiy systems. 
The modified WATMOD shows a lack of sensitivity to changes in canopy 
storage capacity, S, and a remarkable sensitivity to changes in free throughfall 
coefficient, p, and boundary layer conductance, ga.  In general, this experiment has 
demonstrated that the most important parameters in the interception process are the free 
throughfall coefficient and boundary layer conductance, as they dictate the rate of 
water loss from an agroforestry stand of trees. It is, therefore, recommended that 
special attention is given to the derivation of p and ga  in any future similar studies. 
Equally important is the conclusion from this experiment that evaporation from 
a wet canopy is driven by advected energy rather than by net radiation, as indicated by 
Pearce, Rowe and Stewart (1980b) and McNaughton and Jarvis (1983). This 
conclusion was arrived at in this experiment out of necessity in the first instance, as a 
result of ignoring the net radiation term in the Penman equation, which nonetheless 
gave satisfactory estimates of evaporation. It is, therefore, concluded that in 
interception studies the difficult task involved in measuring net radiation and the 
necessity for the expensive instrumentation required can be avoided. 
The Rutter et al (197 1) assumptions that evaporation proceeds at the Penman 
potential evaporation rate, E only from a fully wet canopy, and that the evaporation 
rate from a partially wet canopy is given by E.C/S. have also been shown to be 
consistent with events through the use of the novel mass exchange method. 
The results from this experiment generally suggest that interception loss from 
trees in an agroforestry system decreases as the spacing between the trees becomes 
wider, but this decrease is not proportional because the aerodynamic sheltering of one 
tree by another progressively becomes less with increase in distance between trees. 
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The objective of this project was to develop a model of rainfall interception loss 
that can be applied to predict interception loss in agroforestry systems. However, 
interception loss is only one component of the water balance of an agroforestry system 
that this project has been able to address. The water balance of an afforested catchment 
also depends on the evaporative loss of water in transpiration. Thus to be able to apply 
this model for the purpose of assessing the effect of an agroforestry system on 
catchment hydrology, it is necessary -that study and modelling of the transpiration 
component in agroforestry is given equally detailed attention in future research. 
Without this, the effect of agroforestry on the water balance of a catchment will remain 
incomplete. Nonetheless, the model derived as a result of this experiment allows the 
attractive possibility of obtaining estimates of rainfall interception loss by widely 
spaced trees in agroforesiry systems. 
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APPENDIX I 
SYMOBOLS AND ABBREVIATIONS 
Symbol 	 Definition 
Roman alphabet 
A 	 ground area occupied by a single tree. 
Ae 	 the area occupied by the individual roughness element. 
BA 	 basal area of a tree. 
b a drainage coefficient which defines the rate of increase 
in drainage with depth of water on the canopy. 
C 	 the depth of water on the canopy. 
C the surface water content of the trunks. 
Cp 	 specific heat of air at constant pressure. 
D 	 the drainage rate from the canopy. 
D s 	 the drainage rate when the depth of water on the 
canopy C is equal to the canopy storage capacity S. 
vapour presure deficit. 
d zero plane displacement height of the forest. 
Eaw evaporation rate from wet crown directly derived from 
the change in weight of an artifically wetted tree. 
E1 evaporation of intercepted water from the forest 
canopy (i.e. the interception loss). 
E potential evaporation rate which obtains only when all 
canopy surfaces are wet. 
Et 	 the potential rate of evaporation from stem. 
ET 	 transpiration (i.e. water that has passed through 
the trees and evaporated from within the leaves). 
mean evaporation rate. 
e 	 a coefficient which is a constant for a particular stand 
that relate Ept  with E. 
ea 	 partial pressure of water vapour in air at the reference 
157 
height. 
e* (Ta) 	saturation vapour pressure of water vapour at air 
temperature (Ta)  at the reference height. 
e*(Ts) 	saturation vapour pressure of water vapour at canopy 
surface temperature (TS ). 
G sub-surface drainage. 
ga boundary layer conductance. 
h the height of the vegetation. 
I interception loss. 
k von Karman's constant. 
Ma  the molecular weight of air. 
MW the molecular weight of water. 
M number of storms insufficient to saturate the canopy. 
N the number of trees per hectare. 
n number of storms which saturate the canopy. 
P atmospheric pressure. 
P  gross rainfall. 
P 'g amount of rain necessary to saturate the canopy. 
Pt a proportion of the rainfall that goes to that part of the 
branch system which drains to the trunks. 
q number of storms above the critical rainfall S/p 
necessary to fill the trunk store. 
Rn the net short and long wave radiation absorbed per unit 
of the stand. 
Rs Surface run-off. 
R mean rainfall rate. 
ra  the aerodynamic resistance between canopy 	rface 
and reference height 
rat the aerodynamic resistance per tree. 
S the canopy storage capacity. 
Se the silhouette area of the average roughness element. 
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SF 	 stemfiow. 
spacing distance between trees. 
S the storage capacity of the branch and trunk system. 
S slope of the saturated vapour pressure curve at 
- 0.5(Ts+Ta). - 	 - 
T throughfall. 
t the duration of rainfall. 
U transpiration from the understorey and evaporation 
from the soil surface. 
U windspeed at reference height z. 
Z the reference height above the forest canopy where 
windspeed is measured. 
z0 aerodynamic roughness length of the underlying forest 
canopy surface. 
Greek alphabet 
the psychrometric constant. 
the change in the amount of water retained on the canopy 
during a period. 
AW 	 change in soil water storage during a period. 
E 	 the rate of change of the latent heat content with respect 
to the sensible heat content. 
A 	 latent heat of vaporization of water. 
Ae 	 the element density. 
Pa 	 the density of air. 
PW 	 the density of water. 
ID total amount of water draining from the canopy. 
total evaporation. 
ZR 	 total rainfall. 
IT total throughfall. 
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APPENDIX H 
RESULTS OF 1987 MEASUREMENT 
Table 1. Throughfall (mm) variation between throughfall gauges under canopy zone from 1987 
measurement. S is standard deviation, X is mean gross rainfall and n is the number of 
gauges already used. 
WEEK 	PLOT a 9 	s 
NO NO 
AT WIDE SPACING (8 m) 
1 	1 8 28.13 	6.25 
2 8 27.26 4.58 
3 8 29.10 	8.60 
2 	1 8 9.44 1.35 
2 8 9.70 	1.81 
3 8 5.99 4.85 
3 	1 8 22.46 	7.02 
2 8 23.90 6.40 
3 8 24.73 	7.47 
4 	1 8 21.93 6.55 
2 8 21.45 	6.92 
3 8 2234 6.88 
5 	1 8 10.70 	2.23 
2 8 9.87 2.57 
3 8 12.01 	7.10 
6 	1 8 3.23 2.32 
2 8 4.67 	1.76 
3 8 4.72 2.86 
7 	1 8 17.13 	2.25 
2 8 16.95 4.30 
3 8 16.16 	4.34 
8 	1 8 19.35 1.80 
2. 8 18.48 	2.28 
3 8 18.26 3.89 
AT MEDIUM SPACING (6 m) 
1 	1 8 28.57 8.40 
2 8 27.74 7.14 
3 8 24.84 6.66 
2 	1 8 10.83 1.56 
2 8 3.66 3.28 
3 8 7.24 3.73 
3 	1 8 19.93 7.91 
2 8 27.60 6.70 
3 8 20.70 11.97 
4 	1 8 21.15 6.46 
2 8 20.56 9.30 
3 8 19.29 6.36 
5 	1 8 8.56 1.42 
2 8 10.42 2.14 



















































6 	1 8 4.14 0.59 
2 8 3.41 1.08 
3 8 3.24 1.66 
7 	1 8 16.76 3.38 
2 8 13.93 235 
3 8 12.48 4.75 
8 	1 8 19.79 2.67 
2 8 13.55 2.19 
3 8 13.17 4.90 
AT CONTROL SPACING (2 m) 
1 	1 3 21.16 1.94 
2 3 19.14 4.46 
3 3 13.98 8.04 
2 	1 3 2.02 0.32 
2 3 0.74 0.32 
3 3 4.42 2.92 
3 	1 3 8.00 3.46 
2 3 11.04 0.96 
3 3 18.31 7.05 
4 	1 3 1334 9.24 
2 3 19.32 4.97 
3 3 14.90 1.66 
5 	1 3 5.88 2.67 
2 3 4.97 0.96 
3 3 7.18 1.91 
6 	1 3 2.85 1.42 
2 3 3.22 2.03 
3 3 1.56 1.04 
7 	1 3 5.43 1.62 
2 3 8.10 3.04 
3 3 10.86 7.58 
8 	1 3 6.35 2.36 
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2 	3 	6.58 	0.87 
3 3 7.67 2.96 
Table 2. Throughfall variation between gauges outside canopy zone from 1987 
measurement. 
AT WIDE SPACING (8 rn) 
1 1 9 29.82 0.34 
2 6 30.05 0.88 
3 7 26.96 4.01 
2 1 6 9.08 0.44 
2 6 9.66 0.28 
3 9 7.76 134 
3 1 6 27.61 1.97 
2 6 28.19 1.28 
3 9 2737 1.84 
4 1 7 21.86 0.52 
2 6 20.47 1.69 
3 9 19.93 1.07 
5 2 6 9.96 0.53 
3 9 10.44 1.09 
6 1 7 4.54 0.28 
2 6 4.66 0.28 
3 9 4.81 0.15 
7 1 8 17.25 1.56 
2 6 18.11 0.67 
3 5 16.98 0.97 
8 1 5 17.47 0.89 
2 5 16.14 1.40 
3 8 17.82 1.86 
1 1 3 27.23 2.77 
2 4 29.25 1.00 
2 1 3 9.75 0.31 
3 3 9.56 0.63 
3 1 2 23.88 3.28 
2 3 28.79 0.69 
3 3 28.24 1.75 
4 2 2 18.76 0.78 
3 3 22.08 0.95 
5 2 2 10.21 039 
3 3 10.58 0.15 
6 2 2 4.69 039 
7 1 2 14.62 1.17 
3 3 12.51 138 
8 1 2 17.23 038 
3 3 11.86 2.08 
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PLOT3 PLOT4 PLOTS MEAN % 
T T 
6.72 5.58 7.57 6.62 55.05 
11.83 14.71 15.72 14.08 58.42 
12.72 13.27 13.99 11.46 55.48 
3.80 3.47 2.45 3.24 36.86 
16.65 19.40 15.13 17.06 62.69 
26.12 27.47 21.89 25.16 55.82 
10.90 11.58 12.05 10.77 57.56 
9.97 6.26 8.37 7.64 37.35 
28.74 47.55 27.98 32.12 60.97 
27.13 35.25 25.36 27.18 68.84 
2.20 338 2.20 2.31 25.55 
16.82 17.62 14.20 1522 49.31 
2037 23.67 16.91 18.89 59.62 
5.79 6.17 5.58 5.09 3731 
17.75 2037 27.47 20.14 54.40 
17.75 14.88 24.68 17.26 47.13 
5.58 4.56 6.17 5.23 38.40 
14.17 16.19 14.57 14.08 50.63 
7.99 11.80 8.30 8.51 11.34 
1.94 2.86 2.01 2.06 2.75 
WEEK MEAN PLOT1 PLOT2 
NO Pg 
2 12.03 * * 
3 24.11 * * 
4 20.67 10.66 6.70 
5 8.79 * * 
6 27.21 * * 
7 45.07 * * 
8 18.71 9.24 10.08 
10 20.45 6.58 7.02 
11 52.69 26.00 30.36 
12 39.49 22.23 26.02 
13 9.07 1.79 2.17 
14 30.87 12.60 14.93 
15 31.69 1547 18.05 
16 13.64 3.82 4.09 
17 37.03 16.36 18.79 
18 36.63 14.55 14.46 





ST DEV 12.72 7.06 8.58 




RESULTS OF 1988 MEASUREMENT 




















ST DEV 12.72 
SE MEAN 3.08 
* * 11.03 11.13 9.79 10.65 88.52 
* * 20.82 21.13 19.93 20.62 85.55 
16.24 15.00 18.72 17.98 17.52 17.09 82.68 
* * 4.89 4.04 5.11 4.68 53.24 
* * 20.39 21.28 23.09 21.58 79.33 
* * 33.65 35.78 37.84 35.75 79.33 
13.03 13.06 13.55 14.50 16.81 14.28 7632 
11.51 12.17 12.20 11.45 13.62 12.19 59.61 
36.01 39.15 4436 41.49 42.13 40.65 77.14 
30.26 30.16 30.99 34.68 33.90 32.05 81.17 
4.46 4.64 5.89 6.67 4.96 536 59.18 
19.85 21.22 21.52 25.04 21.35 21.84 70.76 
2134 23.40 22.77 24.75 22.77 23.09 72.88 
7.82 7.88 7.94 11.91 8.37 8.78 64.39 
24.43 26.82 33.40 2532 30.00 27.99 75.59 
19.55 21.81 2631 24.89 24.96 23.50 64.16 
831 8.46 9.43 936 8.94 8.90 65.29 
17.73 18.65 19.87 20.08 20.06 1937 72.72 
9.05 9.82 10.85 1037 10.88 10.26 9.83 
2.61 2.84 2.63 2.51 2.64 2.49 239 
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At 6 m snacing 
12.03 10.19 9.42 10.84 10.66 10.38 10.30 85.61 2 
3 24.11 20.05 20.56 23.18 23.46 20.24 21.50 89.17 
4 20.67 17.07 16.93 19.77 19.52 17.29 18.12 87.65 
5 8.79 635 6.93 832 8.20 6.49 7.36 83.73 
6 27.21 20.38 19.61 26.66 25.69 24.92 23.49 86.32 
7 45.07 3632 * 43.25 42.50 38.72 40.29 89.39 
8 18.71 15.66 * 18.91 17.01 13.20 16.24 86.79 
10 20.45 15.08 14.77 18.90 1737 12.63 15.75 77.02 
11 52.69 45.90 42.05 50.09 51.06 50.83 48.02 91.13 
12 39.49 36.45 31.21 38.74 36.44 34.21 - 35.45 89.76 
13 9.07 6.00 5.99 8.27 831 6.37 7.02 7739 
14 30.87 23.95 22.53 29.08 27.50 23.31 25.27 81.85 
15 31.69 2736 24.12 32.70 28.18 24.16 2730 86.14 
16 13.64 1030 8.80 12.65 11.46 10.40 10.72 78.59 
17 37.03 30.26 26.69 32.64 33.26 28.42 30.25 81.69 
18 36.63 25.78 22.49 30.46 32.97 25.22 2738 74.74 
19 13.63 9.75 8.91 13.04 11.80 11.69 11.04 80.99 
MEAN 25.99 20.99 18.73 24.56 23.85 21.09 22.12 84.14 
STDEV 12.72 11.17 9.75 12.06 12.18 11.79 11.47 4.90 
SE MEAN 3.08 2.71 2.52 2.93 2.95 2.86 2.78 1.19 
At 8 m soacing 
2 12.03 11.04 9.61 12.77 10.92 11.19 11.12 92.43 
3 24.11 22.12 24.84 21.04 22.39 22.49 22.69 9411 
4 20.67 18.29 20.69 18.58 19.01 19.01 19.21 92.93 
5 8.79 8.00 * 7.80 7.72 8.64 8.05 91.58 
6 27.21 23.09 * 23.75 25.42 25.61 24.48 89.96 
7 45.07 43.05 * 40.64 42.81 43.20 42.84 95.05 
8 18.71 16.63 15.93 1736 18.44 17.67 17.20 91.92 
10 20.45 17.26 16.05 18.62 19.78 18.68 18.08 88.41 
11 52.69 46.90 44.10 46.26 48.84 48.69 46.96 89.12 
12 39.49 36.39 34.81 36.60 35.02 35.51 35.66 9030 
13 9.07 6.82 6.94 7.69 7.66 8.70 7.56 8335 
14 30.87 24.42 24.62 23.64 27.62 28.34 25.73 83.34 
15 31.69 * 27.61 26.89 3130 29.92 28.93 91.29 
16 13.64 * 10.68 10.53 12.96 12.66 11.71 85.85 
17 37.03 * 36.72 34.91 34.52 36.93 35.77 96.59 
18 36.63 27.42 * 32.64 31.20 35.03 31.57 86.18 
19 13.63 1234 * 12.96 12.49 12.76 12.63 92.66 
MEAN 25.99 22.41 22.72 23.10 24.01 24.41 23.54 9030 
STDEV 12.72 12.17 11.15 1135 11.77 11.97 11.67 3.73 
SE MEAN 3.08 3.25 3.22 2.75 2.86 2.90 2.83 0.90 
Table 2. Thmughfall variation between treatments. 
Tat SPACING 
WEEKPg 2 4 6 8 
2 12.03 6.62 10.65 1030 11.12 
3 24.11 14.08 20.62 2150 22.69 
4 20.67 11.46 17.09 18.12 19.21 
5 8.79 3.24 4.68 736 8.05 
6 27.21 17.06 21.58 23.49 24.48 
7 45.07 25.16 35.75 40.29 42.84 
8 18.71 10.77 14.28 16.24 17.20 
10 20.45 7.64 12.19 15.75 18.08 
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11 52.69 32.12 40.65 48.02 46.96 
12 39.49 27.18 32.05 35.45 35.66 
13 9.07 2.31 5.36 7.02 7.56 
14 30.87 15.22 21.84 25.27 25.73 
15 31.69 18.89 23.09 2730 28.93 
16 13.64 5.09 8.78 10.72 11.71 
17 37.03 20.14 27.99 30.25 35.77 
18 36.63 17.26 23.50 2738 31.57 
19 13.63 5.23 8.90 11.04 12.63 
MEAN 14.08 19.37 22.12 23.54 
STDEV 8.51 10.26 11.47 11.67 
SE MEAN 2.06 2.49 2.78 2.83 
Table 3. Stemfiow (m3) variation between sample tees. 
WEEK DIAMETER CLASS OF SAMPLE TREES 
NO 18 cm 16 cm 13 cm 12 cm 11 cm 10 cm 
2 0.01520 0.01100 * 0.00668 0.00220 0.00208 
3 0.03300 0.03100 * 0.02572 0.01032 0.00452 
4 0.01800 0.01752 0.00872 0.00708 0.00400 0.00200 
5 0.00320 0.00300 * 0.00152 0.00152 0.00152 
6 0.02552 0.02552 * 0.00900 0.00328 0.00208 
7 0.03300 0.03100 * 0.01500 0.00432 0.00252 
8 0.02300 0.01688 0.00960 0.00840 0.00440 0.00320 
10 0.01520 0.01212 0.00632 0.00580 0.00328 0.00208 
11 0.04572 0.03480 0.02792 0.02340 0.00932 0.00720 
12 0.03200 0.03200 0.02628 0.02180 0.00640 0.00552 
13 0.00780 0.00392 0.00312 0.00328 0.00260 0.00188 
14 0.03200 0.02320 0.02232 0.01852 0.00680 0.00532 
15 0.03200 0.02480 0.01856 0.01780 0.00600 0.00552 
16 0.01360 0.00840 0.00660 0.00600 0.00252 0.00228 
17 0.03200 0.03100 0.02512 0.02052 0.00600 0.00500 
18 0.03348 0.03248 0.02696 0.02188 0.00652 0.00520 
19 0.01652 0.01168 0.00888 0.00720 0.00240 0.00228 
At4mSDacing 
WEEK 18 cm 16 cm 15 cm 13 cm 12 cm 11 cm 
2 0.01016 0.00838 0.00741 * 0.00193 - 0.00209 
3 0.03193 0.01403 0.01306 * 0.00500 0.00451 
4 0.02177 0.01193 0.01064 0.00806 0.00452 0.00193 
5 0.00322 0.00225 0.00177 * 0.00161 0.00145 
6 0.02693 0.01532 0.01193 * 0.00403 0.00209 
7 0.03306 0.02387 0.02000 * 0.00693 0.00258 
8 0.01370 0.01193 0.01016 0.00741 0.00403 0.00322 
10 0.01419 0.00903 0.00774 0.00500 0.00290 0.00209 
11 0..b193 0.0? 58 0.03048 0.01870 0.01016 0.00725 
12 0.03193 0.02580 0.02500 0.01645 0.00725 0.00548 
13 0.01258 0.00500 0.00483 0.00177 0.00209 0.00193 
14 0.02919 0.02645 0.02274 0.01403 0.00758 0.00532 
15 0.02306 0.01935 0.01129 0.01193 0.00580 0.00548 
16 0.01000 0.00854 0.00693 0.00435 0.00322 0.00225 
17 0.03193 0.02758 0.02806 0.01483 0.00645 0.00500 
18 0.03354 0.02806 0.02435 0.01677 0.00677 0.00516 
19 0.01177 0.00967 0.00806 0.00467 0.00258 0.00225 
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WEEK 18 cm 16 cm 15 cm 14 cm 13 cm 11 cm 
2 0.00740 0.00666 0.00592 0.00407 0.00444 0.00185 
3 0.00888 0.00888 0.00814 0.00777 0.00481 0.00518 
4 0.00666 0.00555 0.00481 0.00481 0.00222 0.00333 
5 0.00148 0.00148 0.00148 0.00148 0.00000 0.00148 
6 0.01074 0.00814 0.00814 0.00592 0.00407 0.00407 
7 0.01555 0.01518 0.01185 0.00814 0.00851 0.00666 
8 0.01185 0.01148 0.00962 0.00703 0.00703 0.00629 
10 0.00666 0.00555 0.00481 0.00444 0.00333 0.00333 
11 0.02592 0.02259 0.02074 0.01740 0.00925 0.01518 
12 0.02185 0.01592 0.01444 0.01296 0.01111 0.01148 
13 0.00370 0.00333 0.00296 0.00296 0.00148 0.00185 
14 0.01851 0.01666 0.01222 0.01222 0.01000 0.01185 
15 0.01851 0.01777 0.01333 0.01222 0.00962 0.01148 
16 0.00629 0.00592 0.00518 0.00444 0.00407 0.00407 
17 0.02185 0.02000 0.01481 0.01444 0.01333 0.00814 
18 0.02074 0.01814 0.01592 0.01185 0.01592 0.00925 
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At 8mSpacing 
0.00814 0.00703 0.00666 0.00444 0.00370 0.00259 
WEEK 18 cm 16 cm 15 cm 13 cm 12 cm 11 cm 
2 0.00600 0.00466 0.00400 0.00400 0.00333 0.00200 
3 0.01200 0.01000 0.00933 0.00933 0.00800 0.00733 
4 0.00733 0.00600 0.00533 0.00533 0.00466 0.00466 
5 0.00133 0.00133 0.00133 0.00133 0.00133 0.00133 
6 0.01066 0.00866 0.00800 0.00800 0.00733 0.00666 
7 0.01333 0.01266 0.01133 0.01133 0.01133 0.01000 
8 0.01000 0.00933 0.00933 0.00733 0.00666 0.00600 
10 0.00466 0.00400 0.00400 0.00266 0.00333 0.00200 
11 0.01933 0.01666 0.01600 0.01533 0.01333 0.01133 
12 0.01733 0.01333 0.01266 0.01200 0.01200 0.00733 
13 0.00333 0.00333 0.00333 0.00266 0.00266 0.00266 
14 0.01933 0.01333 0.01200 0.01133 0.00933 0.00666 
15 0.01533 0.01266 0.01266 0.01000 0.00733 0.00733 
16 0.00600 0.00466 0.00400 0.00333 0.00333 0.00333 
17 0.01733 0.01066 0.01000 0.01000 0.00800 0.00600 
18 0.01600 0.01000 0.00933 0.00933 0.00733 0.00666 
19 0.00666 0.00533 0.00466 0.00400 0.00400 0.00200 
Table 4. Stemfiow (m 3) per hectare variation between treatments. 
WEEK MEAN STEMFLOW (m3) AT SPACING 
NO Pg 2m 4m 6m 8m 
2 12.0367 23.7830 3.5703 1.46700 0.65284 
3 24.1167 65.7270 8.0770 2.07910 1.49550 
4 20.6725 31.3960 6.1719 131410 0.88999 
5 8.7933 6.6658 1.2540 035016 0.20881 
6 27.2133 42.0870 7.0590 1.98600 1.31530 
7 45.0767 55.0010 10.1930 3.17220 1.85170 
8 18.7175 35.9830 5.2866 2.54500 1.30460 
10 20.4525 24.5110 43027 134690 0.55774 
11 52.6975 80.0150 15.9090 531280 2.45860 
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12 39.4925 66.4630 11.7090 4.19170 2.00690 
13 9.0775 12.0780 2.9688 0.78002 0.47767 
14 30.8725 57.8630 11.0980 3.87250 1.96260 
15 31.6975 56.3060 8.0469 3.94820 1.76800 
16 13.6475 21.3740 3.7003 1.42200 0.66489 
17 37.0333 64.1540 11.8950 4.44460 1.69030 
18 36.6333 67.8470 12.0360 438350 1.59260 
19 13.6325 26.7030 4.0949 1.57690 0.72467 
Table 5. Stemfiow (mm) per unit area variation between treatments. 
Pg 2m 4m 6m 8m 
2 12.0367 2.37830 035703 0.146700 0.065284 
3 24.1167 6.57270 0.80770 0.207910 0.149550 
4 20.6725 3.13960 0.61719 0.131410 0.088999 
5 8.7933 0.66658 0.12540 0.035016 0.020881 
6 27.2133 4.20870 0.70590 0.198600 0.131530 
7 45.0767 5.50010 1.01930 0317220 0.185170 
8 18.7175 3.59830 052866 0.254500 0.130460 
10 20.4525 2.45110 0.43027 0.134690 0.055774 
11 52.6975 8.00150 1.59090 0.531280 0.245860 
12 39.4925 6.64630 1.17090 0.419170 0.200690 
13 9.0775 1.20780 0.29688 0.078002 0.047767 
14 30.8725 5.78630 1.10980 0387250 0.196260 
15 31.6975 5.63060 0.80469 0394820 0.176800 
16 13.6475 2.13740 037003 0.142200 0.066489 
17 37.0333 6.41540 1.18950 0.444460 0.169030 
18 36.6333 6.78470 1.20360 0.438350 0.159260 
19 13.6325 2.67030 0.40949 0.157690 0.072467 
MEAN 4.34090 0.74925 0.259960 0.127190 
ERROR +1-0.436 +1-0.096 +1-0.035 +1-0.015 
Table 6. Percentage stemfiow of gross rainfall. 
WEEK Pg 2m 4m 6m 8m 
2 12.03 19.75 2.96 1.21 0.54 
3 24.11 27.25 334 0.86 0.62 
4 20.67 15.18 2.98 0.63 0.43 
5 8.79 7.58 1.42 039 0.23 
6 27.21 15.46 239 0.72 0.48 
7 45.07 12.20 2.26 0.70 0.41 
8 18.71 19.22 2.82 135 0.69 
10 20.45 11.98 2.10 0.65 0.27 
11 52.69 15.18 3.01 1.00 0.46 
12 39.49 16.82 2.96 1.06 0.50 
13 9.07 13.30 3.27 0.85 0.52 
14 30.87 18.74 3.59 1.25 0.63 
15 31.69 17.76 233 1.24 0.55 
16 13.64 15.66 2.71 1.04 0.48 
17 37.03 17.32 3.21 1.20 0.45 
18 36.63 18.52 3.28 1.19 0.43 
19 13.63 19.58 3.00 1.15 0.53 
MEAN 	 16.56 	2.83 	0.97 	0.48 
STDEV 4.12 0.51 0.26 0.11 
SE MEAN 	0.99 	0.12 	0.06 	0.02 
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Table 7. Interception loss (mm). 
WEEK MEAN INTERCEPTION LOSS AT SPACING 
NO Pg 2m 4m 6m 8m 
2 12.03 3.03 1.02 1.59 0.85 
3 24.11 3.46 2.68 2.21 1.27 
4 20.67 6.12 2.86 2.22 1.37 
5 8.79 4.88 3.98 1.39 0.72 
6 27.21 5.94 4.92 3.52 2.60 
7 45.07 14.41 830 4.46 2.05 
8 18.71 4.37 3.90 2.22 1.38 
10 20.45 10.37 7.71 4.44 2.31 
11 52.69 12.57 10.45 4.14 5.49 
12 39.49 5.66 6.27 3.62 3.63 
13 9.07 5.55 3.42 1.97 1.46 
14 30.87 9.86 7.92 5.21 4.94 
15 31.69 7.21 7.80 4.00 2.59 
16 13.64 6.42 4.49 2.78 1.87 
17 37.03 10.47 7.85 633 1.09 
18 36.63 12.58 11.92 8.81 4.90 
19 13.63 5.73 432 2.43 0.93 
MEAN 7.57 5.87 3.61 2.32 
ST DEY 3.34 2.87 1.85 1.48 
SE MEAN 0.81 0.69 0.45 0.36 
Table 8. Percentage interception loss of gross rainfall. 
WEEK MEAN PERCENT INTERCEPTION LOSS AT SPACING 
NO Pg 2m 4m 6m 8m 
2 12.03 25.24 8.55 13.20 7.07 
3 24.11 14.36 11.15 9.20 5.29 
4 20.67 29.61 13.86 10.74 6.64 
5 8.79 55.57 45.35 15.90 8.21 
6 27.21 21.84 18.10 12.95 9.56 
7 45.07 31.98 18.42 9.91 4.55 
8 18.71 23.39 20.88 11.87 7.41 
10 20.45 50.70 37.70 21.74 11.32 
11 52.69 23.86 19.84 7.86 10.42 
12 39.49 14.34 15.88 9.17 9.19 
13 9.07 61.24 37.68 21.80 16.19 
14 30.87 31.95 25.66 16.89 16.02 
15 31.69 22.76 24.61 12.62 8.17 
16 13.64 47.04 32.95 20.40 13.70 
17 37.03 28.29 21.20 17.11 2.95 
18 36.63 34.36 32.56 24.06 13.38 
19 13.63 42.04 31.71 17.86 6.82 
	
MEAN 	 32.86 	24.48 	14.90 	9.23 
ST DEV 13.50 10.05 4.88 3.73 
SE MEAN 	 3.27 	2.44 	1.18 	0.90 
i[. 
Table 9. Throughfall by storm events in each spacing. 
STORM Pg (2m) (4m) (6m) (8m) 
1 1.020 * * 0.500 0.900 
2 4.680 * * 3.520 3.890 
3 25.070 * * 20.025 23.210 
4 8.160 * * 7.480 7.720 
5 0.080 * * 0.000 0.055 
6 2.720 * * 2.325 2.470 
7 0.170 * * 0.000 0.080 
8 0.170 * * 0.000 0.110 
9 0.600 * * 0.105 0.320 
10 2.640 * * 2.030 2.300 
11 0.600 * * 0.200 0.400 
12 8.330 * * 6.850 7.780 
13 5.020 * * 4.280 4.765 
14 7.900 * * 6.840 7.805 
15 4.800 1.205 3.120 3.885 4.585 
16 0.240 0.000 0.000 0.065 0.155 
17 0.670 0.050 0.200 0.350 0.610 
18 14.060 7.345 12.050 12330 13.430 
19 1.105 0.080 0.250 0372 0.711 
20 0.080 * * 0.040 0.070 
21 0.260 * * 0.080 0.170 
22 0.340 * * 0.140 0.220 
23 0.260 * * 0.155 0.190 
24 0.170 * * 0.040 0.050 
25 1.110 * * 0.455 0.750 
26 3.060 * * 1.710 1.950 
27 5.020 * * 3.820 4.330 
28 0.260 * * 0.090 0.120 
29 0.260 * * 0.110 0.150 
30 0.510 * * 0.180 0.300 
31 14.020 * * 9.120 10.890 
32 0.260 * * 0.120 0.160 
33 14.020 * * 10.575 11.740 
34 7.820 * * 4.960 5.600 
35 1.440 * * 0.640 1.100 
36 7.390 * 5.430 6.600 
37 1.700 * * 0.700 1.200 
38 2.040 * * 0.910 1.800 
39 0.260 * * 0.060 0.200 
40 8.580 * * 7390 8.650 
41 18.020 * * 16.090 17.600 
42 0340 * * 0.140 0.300 
43 17.535 9.605 12.895 15.170 15.235 
44 0.950 0.055 0.110 0300 0.695 
45 0.520 0.000 0.040 0.190 0.350 
46 49.795 32.020 40.595 41.300 * 
47 31.745 11.480 15.985 18.260 * 
48 12.235 5.225 7.975 9.130 9.575 
49 2.025 0.120 0.730 1.200 1.585 
50 1.470 0.100 0.310 0.720 1.155 
51 3.350 1.235 1.905 2.560 2.685 
52 2.375 0.120 0.920 1.315 1.655 
53 0.210 0.000 0.055 0.130 0.180 
54 5.860 2.505 4.150 4.830 5.100 
55 0365 0.000 0.080 0.195 0.320 
56 27.825 14.860 19.345 22.500 23.465 
57 19.945 10.815 13.950 16320 16.435 
58 0.645 0.025 0.100 0325 0.570 
59 40.670 24.100 30.110 33.505 35.030 
60 1.035 0.075 0.210 0.495 0.715 
61 3.005 0.000 1.000 1.520 1.915 
62 5.105 1.905 3.340 3.980 4.250 
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63 0.085 0.000 0.000 0.025 0.070 
64 0.040 0.000 0.000 0.000 0.035 
65 0.195 0.000 0.055 0.065 0.065 
66 10.650 3.720 5.905 7.240 7.940 
67 21.190 9.995 14.455 15.520 15.935 
68 0.715 0.050 0.120 0.390 0.475 
69 21.895 11.960 15.370 17.415 18.550 
70 9.190 4.710 6.800 7.590 7.940 
71 1.190 0.090 0.200 0.735 1.120 
72 4.650 1.235 2.725 3.255 3.610 
73 4.450 1.665 2.545 2.990 3.400 
74 5.095 1.055 2.580 3.305 3.670 
75 23.970 11.810 17.100 18.615 22.830 
76 12.070 5345 7.335 8.170 11.370 
77 0.340 0.000 0.055 0.180 0.320 
78 2.640 0.420 1.135 1.510 2.200 
79 0.420 0.000 0.000 0.065 0.140 
80 39.860 14.505 20.680 24.070 27.280 
81 3.045 0.395 1.395 1.825 2.260 
82 10395 4.535 6.990 7.440 9.790 
83 0.280 0.000 0.000 0.040 0.120 
84 0.240 0.000 0.000 0.025 0.170 
Table 10. Stemfiow (m3) by storm events from one sample tree in each spacing. 
1 1.020 * * 0.00000 0.00000 
2 4.680 * * 0.00000 0.00066 
3 2507() * * 0.00074 0.01466 
4 8.160 * * 0.00444 0.00400 
5 0.080 * * 0.00000 0.00000 
6 2.720 * * 0.00000 0.00000 
7 0.170 * * 0.00000 0.00000 
8 0.170 * * 0.00000 0.00000 
9 0.600 * * 0.00000 0.00000 
10 2.640 * * 0.00000 0.00000 
11 0.600 * * 0.00000 0.00000 
12 8330 * * 0.00222 0.00400 
13 5.020 * * 0.00074 0.00066 
14 7.900 * * 0.00185 0.00333 
15 4.800 0.00196 0.00081 0.00037 0.00066 
16 0.240 0.00000 0.00000 0.00000 0.00000 
17 0.670 0.00000 0.00000 0.00000 0.00000 
18 14.060 0.00676 0.00725 0.00185 0.00333 
19 1.105 0.00000 0.00000 0.00000 0.00000 
20 0.080 * * 0.00000 0.00000 
21 0.260 * * 0.00000 0.00000 
22 0340 * * 0.00000 0.00000 
23 0.260 * * 0.00000 0.00000 
24 0.170 * * 0.00000 0.00000 
25 1.110 * * 0.00000 0.00000 
26 3.060 * * 0.00000 0.00000 
27 5.020 * * 0.00000 0.00000 
28 0.260 * * 0.00000 0.00000 
29 0.260 * * 0.00000 0.00000 
30 0.5 10 * * 0.00000 0.00000 
31 14.020 * * 0.00111 0.00200 
32 0.260 * * 0.00000 0.00000 
33 14.020 * * 0.00296 0.00533 
34 7.820 * * 0.00037 0.00000 
35 1.440 * * 0.00000 0.00000 
36 7390 * * 0.00148 0.00200 
37 1.700 * * 0.00000 0.00000 
38 2.040 * * 0.00000 0.00000 
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39 0.260 * * 0.00000 0.00000 
40 8.580 * * 000333 0.00533 
41 18.020 * * 0.00333 0.00400 
42 0.340 * * 0.00000 0.00000 
43 17.535 0.00960 0.00741 0.00703 0.00400 
44 0.950 0.00000 0.00000 0.00000 0.00000 
45 0.520 0.00000 0.00000 0.00000 0.00000 
46 49.795 0.02428 0.01725 0.01296 0.00866 
47 31.745 0.01228 0.00548 0.00444 0.00133 
48 12.235 0.00620 0.00483 0.00333 0.00066 
49 2.025 0.00008 0.00000 0.00000 0.00000 
50 1.470 0.00000 0.00000 0.00000 0.00000 
51 3.350 0.00000 0.00016 0.00000 0.00000 
52 2.375 0.00004 0.00000 0.00000 0.00000 
53 0.210 0.00004 0.00000 0.00000 0.00000 
54 5.860 0.00232 0.00193 0.00074 0.00066 
55 0.365 0.00000 0.00000 0.00000 0.00000 
56 27.825 0.01228 0.00838 0.00333 0.00533 
57 19.945 0.01328 0.00838 0.00518 0.00866 
58 0.645 0.00000 0.00000 0.00000 0.00000 
59 40.670 0.02628 0.01645 0.01111 0.01200 
60 1.035 0.00012 0.00000 0.00000 0.00000 
61 3.005 0.00044 0.00000 0.00037 0.00066 
62 5.105 0.00256 0.00177 0.00111 0.00200 
63 0.085 0.00000 0.00000 0.00000 0.00000 
64 0.040 0.00000 0.00000 0.00000 0.00000 
65 0.195 0.00000 0.00000 0.00000 0.00000 
66 10.650 0.00524 0.00258 0.00222 0.00133 
67 21.190 0.01708 0.01145 0.00777 0.00733 
68 0.715 0.00000 0.00000 0.00000 0.00000 
69 21.895 0.01396 0.00919 0.00740 0.00466 
70 9.190 0.00460 0.00274 0.00222 0.00133 
71 1.190 0.00000 0.00000 0.00000 0.00000 
72 4.650 0.00256 0.00193 0.00185 0.00066 
73 4.450 0.00232 0.00145 0.00185 0.00133 
74 5.095 0.00172 0.00096 0.00037 0.00000 
75 23.970 0.01688 0.01016 0.00740 0.00466 
76 12.070 0.00792 0.00451 0.00555 0.00333 
77 0340 0.00000 0.00000 0.00000 0.00000 
78 2.640 0.00032 0.00016 0.00037 0.00000 
79 0.420 0.00000 0.00000 0.00000 0.00000 
80 39.860 0.02696 0.01677 0.01592 0.00666 
81 3.045 0.00072 0.00032 0.00037 0.00000 
82 10.395 0.00816 0.00435 0.00333 0.00266 
83 0.280 0.00000 0.00000 0.00000 0.00000 
84 0.240 0.00000 0.00000 0.00000 0.00000 
Table 11. Stemfiow (m3) by storm events per hectare. 
1 1.020 * * 0.000 0.000 
2 4.680 * * 0.000 0.119 
3 25.070 * * 0.216 2.637 
4 8.160 * * 1.296 0.719 
5 0.080 * * 0.000 0.000 
6 2.720 * * 0.000 0.000 
7 0.170 * * 0.000 0.000 
8 0.170 * * 0.000 0.000 
9 0.600 * * 0.000 0.000 
10 2.640 * * 0.000 0.000 
11 0.600 * * 0.000 0.000 
12 8.330 * * 0.648 0.719 
13 5.020 * * 0.216 0.119 
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14 7.900 * * 0.540 0.599 
15 4.800 6.211 0.554 0.108 0.119 
16 0.240 0.000 0.000 0.000 0.000 
17 0.670 0.000 0.000 0.000 0.000 
18 14.060 21.422 4.987 0.540 0.599 
19 1.105 0.000 0.000 0.000 0.000 
20 0.080 * * 0.000 0.000 
21 0.260 * * 0.000 0.000 
22 0.340 * * 0.000 0.000 
23 0.260 * * 0.000 0.000 
24 0.170 * * 0.000 0.000 
25 1.110 * * 0.000 0.000 
26 3.060 * * 0.000 0.000 
27 5.020 * * 0.000 0.000 
28 0.260 * * 0.000 0.000 
29 0.260 * * 0.000 0.000 
30 0.5 10 * * 0.000 0.000 
31 14.020 * * 0324 0.359 
32 0.260 * * 0.000 0.000 
33 14.020 * * 0.864 0.959 
34 7.820 * * 0.108 0.000 
35 1.440 * * 0.000 0.000 
36 7390 * * 0.432 0.359 
37 1.700 * * 0.000 0.000 
38 2.040 * * 0.000 0.000 
39 0.260 * * 0.000 0.000 
40 8.580 * * 0.972 0.959 
41 18.020 * * 0.972 0.719 
42 0.340 * * 0.000 0.000 
43 17.535 30.421 5.098 2.052 0.719 
44 0.950 0.000 0.000 0.000 0.000 
45 0.520 0.000 0.000 0.000 0.000 
46 49.795 76.941 11.858 3.780 1.558 
47 31.745 38.914 3.768 1.296 0.239 
48 12.235 19.647 3.324 0.972 0.119 
49 2.025 0.253 0.000 0.000 0.000 
50 1.470 0.000 0.000 0.000 0.000 
51 3.350 0.000 0.110 0.000 0.000 
52 2.375 0.126 0.000 0.000 0.000 
53 0.210 0.126 0.000 0.000 0.000 
54 5.860 7.351 1.329 0.216 0.119 
55 0365 0.000 0.000 0.000 0.000 
56 27.825 38.914 5.762 0.972 0.959 
57 19.945 42.083 5.762 1.512 1.558 
58 0.645 0.000 0.000 0.000 0.000 
59 40.670 83.279 11.304 3.240 2.157 
60 1.035 0.380 0.000 0.000 0.000 
61 3.005 1.394 0.000 0.108 0.119 
62 5.105 8.112 1.219 0.324 0.359 
63 0.085 0.000 0.000 0.000 0.000 
64 0.040 0.000 0.000 0.000 0.000 
65 0.195 0.000 0.000 0.000 0.000 
66 10.650 16.605 1.773 0.648 0.239 
67 21.190 54.125 7.868 2.268 1.318 
68 0.715 0.000 0.000 0.000 0.000 
69 21.895 44.238 6317 2.160 0.839 
70 9.190 14.577 1.884 0.648 0.239 
71 1.190 0.000 0.000 0.000 0.000 
72 4.650 8.112 1329 0.540 0.119 
73 4.450 7.35 1 0.997 0.540 0.239 
74 5.095 5.450 0.664 0.108 0.000 
75 23.970 53.491 6.982 2.160 0.839 
76 12.070 25.098 3.103 1.620 0.599 
77 0.340 0.000 0.000 0.000 0.000 
78 2.640 1.014 0.110 0.108 0.000 
79 0.420 0.000 0.000 0.000 0.000 
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80 39.860 85.434 11.525 4.644 1.198 
81 3.045 2.281 0.221 0.108 0.000 
82 10.395 25.858 2.992 0.972 0.479 
83 0.280 0.000 0.000 0.000 0.000 
84 0.240 0.000 0.000 0.000 0.000 
Table 12. Stemfiow (mm) by storm events per unit area. 
1 1.020 * * 0.000 0.000 
2 4.680 * * 0.000 0.011 
3 25.070 * * 0.021 0.263 
4 8.160 * * 0.129 0.071 
5 0.080 * * 0.000 0.000 
6 2.720 * * 0.000 0.000 
7 0.170 * * 0.000 0.000 
8 0.170 * * 0.000 0.000 
9 0.600 * * 0.000 0.000 
10 2.640 * * 0.000 0.000 
11 0.600 * * 0.000 0.000 
12 8.330 * * 0.064 0.071 
13 5.020 * * 0.021 0.011 
14 7.900 * * 0.054 0.059 
15 4.800 0.621 0.055 0.010 0.011 
16 0.240 0.000 0.000 0.000 0.000 
17 0.670 0.000 0.000 0.000 0.000 
18 14.060 2.142 0.498 0.054 0.059 
19 1.105 0.000 0.000 0.000 0.000 
20 0.080 * * 0.000 0.000 
21 0.260 * * 0.000 0.000 
22 0.340 * * 0.000 0.000 
23 0.260 * * 0.000 0.000 
24 0.170 * * 0.000 0.000 
25 1.110 * * 0.000 0.000 
26 3.060 * * 0.000 0.000 
27 5.020 * * 0.000 0.000 
28 0.260 * * 0.000 0.000 
29 0.260 * * 0.000 0.000 
30 0.510 * * 0.000 0.000 
31 14.020 * * 0.032 0.035 
32 0.260 * * 0.000 0.000 
33 14.020 * * 0.086 0.095 
34 7.820 * * 0.010 0.000 
35 1.440 * * 0.000 0.000 
36 7.390 * * 0.043 0.035 
37 1.700 * 0.000 0.000 
38 2.040 * * 0.000 0.000 
39 0.260 * * 0.000 0.000 
40 8.580 * * 0.097 0.095 
41 18.020 * * 0.097 0.071 
42 0.340 * * 0.000 0.000 
43 17.535 3.042 0.509 0.205 0.071 
44 0.950 0.000 0.000 0.000 0.000 
45 0.520 0.000 0.000 0.000 0.000 
46 49.795 7.694 1.185 0.378 0.155 
47 31.745 3.891 0.376 0.129 0.023 
48 12.235 1.964 0332 0.097 0.011 
49 2.025 0.025 0.000 0.000 0.000 
50 1.470 0.000 0.000 0.000 0.000 
51 3.350 0.000 0.011 0.000 0.000 
52 2.375 0.012 0.000 0.000 0.000 
53 0.210 0.012 0.000 0.000 0.000 
54 5.860 0.735 0.132 0.021 0.011 
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55 0.365 0.000 0.000 0.000 0.000 
56 27.825 3.891 0.576 0.097 0.095 
57 19.945 4.208 0.576 0.151 0.155 
58 0.645 0.000 0.000 0.000 0.000 
59 40.670 8.327 1.130 0.324 0.215 
60 1.035 0.038 0.000 0.000 0.000 
61 3.005 0.139 0.000 0.010 0.011 
62 5.105 0.811 0.121 0.032 0.035 
63 0.085 0.000 0.000 0.000 0.000 
64 0.040 0.000 0.000 0.000 0.000 
65 0.195 0.000 0.000 0.000 0.000 
66 10.650 1.660 0.177 0.064 0.023 
67 21.190 5.412 0.786 0.226 0.131 
68 0.715 0.000 0.000 0.000 0.000 
69 21.895 4.423 0.631 0.216 0.083 
70 9.190 1.457 0.188 0.064 0.023 
71 1.190 0.000 0.000 0.000 0.000 
72 4.650 0.811 0.132 0.054 0.011 
73 4.450 0.735 0.099 0.054 0.023 
74 5.095 0.545 0.066 0.010 0.000 
75 23.970 5.349 0.698 0.216 0.083 
76 12.070 2.509 0.310 0.162 0.059 
77 0340 0.000 0.000 0.000 0.000 
78 2.640 0.101 0.011 0.010 0.000 
79 0.420 0.000 0.000 0.000 0.000 
80 39.860 8.543 1.152 0.464 0.119 
81 3.045 0.228 0.022 0.010 0.000 
82 10.395 2.585 0.299 0.097 0.047 
83 0.280 0.000 0.000 0.000 0.000 
84 0.240 0.000 0.000 0.000 0.000 
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APPENDIX IV 
FORTRAN PROGRAMMES USED IN THE ANALYSIS OF THE 
EXPERIMENT 
Programme 1. ENVTALPAR. 
PROGRAM ENVTALPAR 
C 	This is a program to calculate the vapour pressure deficit (VPD) of the 
C ambient air in kPa and other variables which 
C 	include, GAMMA, 
C the slope of the saturation vapour pressure curve, s, and 
C 	EPSLON from the measurements of wet and dry bulb temperature. 
REAL TD, TW, DEF, GAMMA, VPD, s, EPSLON 
1 READ(5,*,END=100)  TD,TW 












WRITE(6,1 1) TD, TW, DEF, VPD, GAMMA, EPSLON 






TETEN=0.6 1078*EXP( 17.269*T1'/(237.3+TT)) 
RETURN 
END 
Programme 2. RESIST. 
PROGRAM RESIST 
C 	This program calculates aerodynamic resistance, RA, aerodynamic 
C conductance, GA, and potential evaporation from a wet crown, 
C 	EP, using Penman equation at one minute intervals from measurement 
C of the weight of an artificially wetted tree, surface temperture of the 
C 	tree crown and other variables 
REAL SLOPE,A, GAMMA,LAMDA, SPliT, E, TD,TW,TS, 
* VPD, EP,RA 
CHARACTER* 11 INFILE,OUTFILE 
WRITE(*,'(" GIVE INPUT FILE")') 
READ (*,'(All)')  INFILE 
WRITE (*,'(" GIVE OUTPUTFILE")') 
READ (*,'(All)')  OUTFILE 
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OPEN (10,FILE=INFILE) 
OPEN (1 1,FILE=OUTFILE,FILETYPE='C') 
READ(10,*)TIME1,TD1,TW1,TS 1,W1,U1 
5 READ(10,*,END=100)TIME2,TD2,Tw2,T52,w2,u2 





C 	Calculate the VPD of the tree surface from - 
C the measurements of wet and dry bulb and surface temperature. The 
C 	result is presented in unit of kPa. 
GAMMA=(0.646+(0.0006*TD))/1 0.0 
VPD 1 =TETEN(TD)TETEN(TW)+GAMMA*(TDTW) 
VPD2=TETEN(TS)TETEN(TW)IGAMMA*(TDTW) 
C 
C 	Calculate evaporation rate 
C using VPD and the following variables which include, E, change in net 








SLOPE=((6. 1078*EXP(( 17.269*(TD+0.5))/(237.3+(TD+0.5)))) 
* (6. 1078*EXP(( 17.269*(TD0.5)/(237.3+(TD0.5))))))/1o.o 
EPSLON=SLOPE/GAMMA 
EP=0.622*GA*VPD 1 *DAffi/((EPSLON+  1  )*PRES) 
WR1TE( 11,1 1)W2,TD,TW,TS ,U,VPD 1 ,E,EP,RA 
11 FORMAT(1X,F7.2, 1X,F7.2, 1X,F7.2,1X,F7.2, lx, 










TETEN=0.6 1078 *E)(P(  17.269*TT/(237. 3+TT)) 
RETURN 
END 
Programme 3. PENMAN 
PROGRAM PENMAN 
C 	This is a programme to estimate evaporation rate, ES, from partially 
C wet crown using data of the change in weight of an artifically wetted 
C 	tree, EA, and potential evaporation rate, EP, calcuited using Penman 
C equation and the result is obtained in kg sec-i. 
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REAL T(300),TD(300),TW(300),TS (300), W(300), U(300) 
CHARACTER* 11 INFILE,OUTFILE 
DATA T,TD,TW,TS,W,U/1800*0.0/ 
WPfl(*,'(" GIVE INPUT FILE")') 
READ (*,'(All)')  INFILE 
WRITE (*,'(" GIVE OUTPUTFILE")') 
pjj (*,'(All)') 0U1'FILE 
OPEN (10,FILE=INF]LE) 
OPEN (1 1,FILE=OUTFILE,FILETYPE='C') 
MUM =0 
DO 101=1,300 
READ( 10,*,END=99) T(I),TD(I),TW(I),TS(I), W(I),U(I) 




DO 20 I=1,NUM-1 
TDA=(TD(i)+TD(I+ 1 ))/2.0 
TWA=(TW(I)+TW(I+ 1 ))/2.0 
TSA=(TS (I)+TS (1+1 ))/2.0 
C=((W(I)-1-W(I+ 1 ))/2.0)-(W(NTJM)) 






SLOPE=((6. 1 078*EXP((  1 7.269*(TDA+0.5))/(237. 3+(TDA+0.5))))-
(6. 1078*EXP((  17.269*(TDA0.5)/(237.3+(TDA0.5))))))/1 0.0 
EPSLON=SLOPE/GAMMA 




WR1TE(1 1,11) S,C,EP,EA,ES,A,B 




TETEN=0.6 1078 *EXP(  17.269*IT/(237. 3+TT)) 
RETURN 
END 





This is a programme to calculate drainage rate from the crown using 
the change in weight of an artifically wetted tree and the result is given 
in kg mm-i. 
REAL CD(300),DR(300),C(300),T(300),TD(300),TW(300), 
TS(300), W(300), U(300) 
CHARACTER* 11 INFILE,OUTFILE 
DATA T,TD,TW,TS,W,U,CD,DR,C/2700*0.0/ 










READ (*,'(All)')  INFILE 
WRITE (*,'(" GIVE OUTPUTFILE")') 
READ (*,'(All)') OUTFILE 
OPEN (10,FILE=INFILE) 





READ( 10,*,END=99)  T(I),TD(I),TW(I),TS (I), W(I),U(I) 
NUM =NUM+1 
CONTINUE 
DO 20 I=1,NUM-1 
TDA=(TD(I)+TD(I+1 ))/2.0 
TWA=(TW(I)+TW(I+ 1 ))/2.0 
TSA=(TS(I)+TS (1+1 ))/2.0 
GAMMA=(0.646i(0.0006*TDA))/10.0 
SLOPE=((6. 1078 *EXP(( 17.269*(TDA+0.5))/(237.3+(TDA+0.5)))) 






EP=60.0*(0.622*DAIR*VPD*GA)/(PRES *(EPsLON+  1)) 
C(I)=((W(I)+W(I+ 1 ))/2.0)-(W(NUM)) 
CD(I)=C(I)-S 
IF(I.NE. 1) THEN 













RESULTS OF 1989 MEASUREMENT 
Table 1. The relationship between Ea/Ep and CIS in each spacing treatment in each observation 
period. 
AT 2 m SPACING 
OBSERVATION 1 
S 	C 	E 	Ea 	Ee 	E2JEp CIS 
kg kg kgs 1 kgs kg s-1 
3.123932 3.077560 0.001406 0.001545 0.001385 1.099340 0.985156 
3.123932 2.984528 0.001378 0.001556 0.001316 1.129135 0.955375 
3.123932 2.891342 0.001364 0.001550 0.001262 1.136573 0.925546 
3.123932 2.798935 0.001392 0.001530 0.001247 1.099179 0.895965 
3.123932 2.708176 0.001430 0.001495 0.001240 1.045446 0.866912 
3.123932 2.619949 0.001427 0.001446 0.001196 1.013587 0.838670 
3.123932 2.534943 0.001442 0.001388 0.001170 0.962054 0.811459 
3.123932 2.453690 0.001463 0.001321 0.001149 0.902864 0.785449 
3.123932 2.376541 0.001418 0.001251 0.001079 0.882051 0.760753 
3.123932 2.303558 0.001350 0.001182 0.000996 0.875370 0.737391 
3.123932 2.234634 0.001306 0.001116 0.000934 0.854085 0.715328 
3.123932 2.169556 0.001276 0.001054 0.000886 0.825675 0.694495 
3.123932 2.107925 0.001236 0.001000 0.000834 0.809365 0.674767 
3.123932 2.049316 0.001202 0.000954 0.000789 0.793298 0.656005 
3.123932 1.993332 0.001193 0.000912 0.000761 0.764473 0.638084 
3.123932 1.939651 0.001216 0.000877 0.000755 0.721362 0.620901 
3.123932 1.887939 0.001259 0.000846 0.000761 0.672398 0.604347 
3.123932 1.837936 0.001260 0.000820 0.000742 0.650669 0.588341 
3.123932 1.789429 0.001232 0.000797 0.000706 0.646589 0.572813 
3.123932 1.742340 0.001234 0.000773 0.000688 0.626497 0.557739 
3.123932 1.696655 0.001239 0.000749 0.000673 0.604727 0.543115 
3.123932 1.652390 0.001215 0.000726 0.000642 0.597804 0.528945 
3.123932 1.609573 0.001168 0.000701 0.000602 0.600311 0.515240 
3.123932 1.568283 0.001124 0.000675 0.000564 0.600365 0.502022 
3.123932 1.528610 0.001097 0.000648 0.000537 0.590491 0.489322 
3.123932 1.490524 0.001095 0.000622 0.000523 0.567782 0.477131 
3.123932 1.454010 0.001136 0.000596 0.000529 0.524180 0.465442 
3.123932 1.418945 0.001211 0.000573 0.000550 0.473150 0.454218 
3.123932 1.385101 0.001278 0.000555 0.000567 0.434369 0.443384 
3.123932 1.352188 0.001333 0.000542 0.000577 0.406703 0.432848 
3.123932 1.319901 0.001388 0.000535 0.000587 0.385023 0.422513 
3.123932 1.287872 0.001414 0.000533 0.000583 0.376841 0.412260 
3.123932 1.255768 0.001406 0.000537 0.000565 0.382065 0.401983 
3.123932 1.223297 0.001402 0.000545 0.000549 0.388820 0.391589 
3.123932 1.190216 0.001414 0.000557 0.000539 0.394109 0.380999 
3.123932 1.156342 0.001428 0.000571 0.000529 0.400069 0370156 
3.123932 1.121658 0.001437 0.000585 0.000516 0.407036 0.359053 
3.123932 1.086182 0.001477 0.000597 0.000513 0.404519 0.347697 
3.123932 1.050140 0.001527 0.000604 0.000513 0.395625 0336160 
3.123932 1.013840 0.001525 0.000606 0.000495 0.397568 0324540 
3.123932 0.977554 0.001496 0.000603 0.000468 0.403128 0312924 
3.123932 0.941666 0.001473 0.000593 0.000444 0.402698 0301436 
3.123932 0.906570 0.001465 0.000577 0.000425 0.393794 0.290202 
3.123932 0.872543 0.001470 0.000557 0.000411 0.379250 0.279309 
3.123932 0.839752 0.001510 0.000536 0.000406 0.354808 0.268813 
3.123932 0.808273 0.001566 0.000513 0.000405 0.327864 0.258736 
3.123932 0.778122 0.001585 0.000492 0.000395 0.310183 0.249084 
3.123932 0.749268 0.001564 0.000470 0.000375 0.300752 0.239848 
3.123932 0.721695 0.001515 0.000448 0.000350 0.296008 0.231021 
179 
3.123932 0.695389 0.001446 0.000429 0.000322 0.296589 0.222600 
3.123932 0.670258 0.001388 0.000409 0.000298 0.294352 0.214556 
3.123932 0.646332 0.001360 0.000389 0.000281 0.285810 0.206897 
3.123932 0.623581 0.001359 0.000370 0.000271 0.271953 0.199614 
3.123932 0.601959 0.001357 0.000351 0.000261 0.258996 0.192693 
3.123932 0.581406 0.001367 0.000334 0.000255 0.243995 0.186113 
3.123932 0.561798 0.001427 0.000320 0.000257 0.224256 0.179837 
3.123932 0.543015 0.001494 0.000306 0.000260 0.204777 0.173824 
3.123932 0.524933 0.001503 0.000297 0.000252 0.197676 0.168036 
3.123932 0.507324 0.001456 0.000290 0.000236 0.198933 0.162399 
.123932 0.490112 0.001402 0.000284 0.000220 0.202568 0.156890 
3.123932 0.473175 0.001357 0.000281 0.000206 0.206894 0.151468 
3.123932 0.456421 0.001320 0.000277 0.000193 0.210149 0.146105 
3.123932 0.439850 0.001287 0.000275 0.000181 0.213823 0.140800 
3.123932 0.423462 0.001255 0.000271 0.000170 0.215983 0.135554 
3.123932 0.407349 0.001246 0.000266 0.000163 0.213434 0.130396 
3.123932 0.391571 0.001267 0.000260 0.000159 0.204856 0.125346 
3.123932 0.376312 0.001276 0.000249 0.000154 0.195075 0.120461 
3.123932 0.361725 0.001266 0.000238 0.000147 0.187661 0.115791 
3.123932 0.347885 0.001260 0.000224 0.000140 0.177552 0.111361 
3.123932 0.334839 0.001266 0.000211 0.000136 0.166561 0.107185 
3.123932 0.322632 0.001276 0.000196 0.000132 0.153625 0.103277 
3.123932 0.311234 0.001280 0.000184 0.000128 0.143863 0.099629 
3.123932 0.300430 0.001308 0.000176 0.000126 0.134351 0.096171 
3.123932 0.290115 0.001347 0.000168 0.000125 0.125027 0.092869 
3.123932 0.280075 0.001350 0.000166 0.000121 0.123007 0.089655 
3.123932 0.270142 0.001334 0.000165 0.000115 0.123887 0.086475 
3.123932 0.260208 0.001326 0.000166 0.000110 0.125088 0.083295 
3.123932 0.250244 0.001336 0.000166 0.000107 0.124297 0.080105 
3.123932 0.240402 0.001378 0.000162 0.000106 0.117564 0.076955 
3.123932 0.230835 0.001446 0.000157 0.000107 0.108714 0.073892 
3.123932 0.221634 0.001509 0.000150 0.000107 0.099064 0.070947 
3.123932 0.212936 0.001559 0.000140 0.000106 0.089870 0.068163 
3.123932 0.204788 0.001585 0.000132 0.000104 0.083122 0.065555 
3.123932 0.197052 0.001558 0.000126 0.000098 0.080988 0.063078 
3.123932 0.189529 0.001516 0.000125 0.000092 0.082178 0.060670 
3.123932 0.182007 0.001499 0.000126 0.000087 0.084139 0.058262 
3.123932 0.174286 0.001473 0.000131 0.000082 0.088895 0.055791 
3.123932 0.166183 0.001432 0.000139 0.000076 0.097156 0.053197 
3.123932 0.157623 0.001383 0.000146 0.000070 0.105904 0.050457 
3.123932 0.148651 0.001341 0.000152 0.000064 0.113572 0.047585 
3.123932 0.139404 0.001312 0.000156 0.000059 0.119056 0.044625 
3.123932 0.130005 0.001292 0.000157 0.000054 0.121623 0.041616 
3.123932 0.120621 0.001297 0.000155 0.000050 0.119758 0.038612 
3.123932 0.111298 0.001317 0.000155 0.000047 0.118003 0.035627 
3.123932 0.101898 0.001359 0.000158 0.000044 0.116229 0.032619 
3.123932 0.092087 0.001411 0.000169 0.000042 0.119856 0.029478 
3.123932 0.081451 0.001440 0.000186 0.000038 0.128878 0.026073 
3.123932 0.069366 0.001463 0.000217 0.000032 0.148455 0.022205 
3.123932 0.060684 0.001472 0.000072 0.000029 0.048906 0.019426 
3.123932 0.054184 0.001463 0.000145 0.000025 0.099085 0.017345 
3.123932 0.042313 0.001470 0.000250 0.000020 0.170422 0.013545 
3.123932 0.028702 0.001480 0.000203 0.000014 0.137273 0.009188 
3.123932 0.016312 0.001468 0.000210 0.000008 0.143079 0.005222 
3.123932 0.005005 0.001463 0.000167 0.000002 0.114034 0.001602 
BSERVATI 
2.504440 2.475479 0.001048 0.000965 0.001036 0.920944 0.988436 
2.504440 2.417862 0.001081 0.000955 0.001044 0.883395 0.965430 
2.504440 2.360931 0.001087 0.000942 0.001025 0.867079 0.942698 
2.504440 2.304871 0.001060 0.000926 0.000975 0.874062 0.920314 
2.504440 2.249817 0.001054 0.000909 0.000947 0.862378 0.898331 
2.504440 2.195862 0.001088 0.000890 0.000954 0.817559 0.876787 
2.504440 2.142960 0.001123 0.000874 0.000961 0.777988 0.855664 
2.504440 2.090912 0.001152 0.000861 0.000962 0.747198 0.834882 
:1 
2.504440 2.039566 0.001175 0.000850 0.000957 0.723858 0.814380 
2.504440 1.988831 0.001198 0.000841 0.000952 0.701627 0.794122 
2.504440 1.938660 0.001223 0.000832 0.000947 0.680096 0.774089 
2.504440 1.889053 0.001211 0.000822 0.000913 0.678986 0.754282 
2.504440 1.840179 0.001166 0.000807 0.000857 0.692322 0.734767 
2.504440 1.792328 0.001128 0.000788 0.000807 0.698656 0.715660 
2.504440 1.745911 0.001103 0.000759 0.000769 0.688574 0.697126 
2.504440 1.701401 0.001073 0.000724 0.000729 0.674808 0.679354 
2.504440 1.659134 0.001045 0.000684 0.000692 0.654994 0.662477 
2.504440 1.619400 0.001029 0.000640 0.000665 0.622434 0.646612 
2.504440 1.582367 0.001014 0.000594 0.000641 0.585928 0.631825 
2.504440 1.548065 0.000999 0.000549 0.000617 0.549893 0.618128 
2.504440 1.516342 0.000985 0.000508 0.000596 0.515539 0.605461 
2.504440 1.487030 0.000974 0.000469 0.000578 0.482202 0.593757 
2304440 1.459732 0.000967 0.000440 0.000563 0.455674 0.582858 
2.504440 1.433990 0.000962 0.000417 0.000551 0.433812 0.572579 
2.504440 1.409332 0.000959 0.000405 0.000539 0.422118 0.562733 
2.504440 1.385162 0.000952 0.000401 0.000526 0.421459 0.553083 
2.504440 1.360901 0.000964 0.000408 0.000524 0.422744 0.543395 
2.504440 1.335907 0.001015 0.000426 0.000541 0.419414 0.533415 
2.504440 1.309631 0.001086 0.000450 0.000568 0.414552 0.522924 
2.504440 1.281769 0.001157 0.000478 0.000592 0.413476 0.511799 
2504440 1.252090 0.001198 0.000511 0.000599 0.426577 0.499948 
2.504440 1.220642 0.001199 0.000537 0.000585 0.447810 0.487391 
2.504440 1.187897 0.001197 0.000554 0.000568 0.462873 0.474316 
2.504440 1.154480 0.001211 0.000560 0.000558 0.462601 0.460973 
2.504440 1.121170 0.001235 0.000550 0.000553 0.445425 0.447673 
2.504440 1.088943 0.001257 0.000524 0.000547 0.416956 0.434805 
2304440 1.058624 0.001275 0.000487 0.000539 0.381666 0.422699 
2.504440 1.030823 0.001132 0.000440 0.000466 0.388818 0.411598 
2.504440 1.005875 0.001139 0.000392 0.000457 0.343864 0.401636 
2.504440 0.983780 0.001304 0.000345 0.000512 0.264390 0392814 
2304440 0.964172 0.001314 0.000308 0.000506 0.234736 0384985 
2.504440 0.946503 0.001315 0.000281 0.000497 0.213473 0.377930 
2.504440 0.930038 0.001304 0.000268 0.000484 0.2053 14 0.371356 
2.504440 0.914047 0.001294 0.000265 0.000472 0.204907 0364971 
2.504440 0.897842 0.001293 0.000275 0.000464 0.212750 0358500 
2504440 0.880875 0.001290 0.000290 0.000454 0.225119 0351725 
2504440 0.862762 0.001265 0.000313 0.000436 0.247718 0344493 
2.504440 0.843323 0.001215 0.000334 0.000409 0.275247 0336731 
2.504440 0.822647 0.001157 0.000355 0.000380 0.306869 0328475 
2.504440 0.800858 0.001101 0.000371 0.000352 0.337139 0319775 
2304440 0.778214 0.001054 0.000384 0.000328 0.364350 0310733 
2.504440 0.755020 0.001025 0.000389 0.000309 0.379473 0301473 
2.504440 0.73 1705 0.001012 0.000388 0.000296 0.383633 0.292163 
2304440 0.708557 0.001008 0.000383 0.000285 0.380153 0.282920 
2304440 0.690796 0.001007 0.000209 0.000278 0.207340 0.275828 
2.504440 0.678589 0.001000 0.000198 0.000271 0.198345 0.270954 
2304440 0.666885 0.000991 0.000191 0.000264 0.193260 0.266281 
2.504440 0.655594 0.001007 0.000185 0.000264 0.183853 0.261773 
2304440 0.644424 0.001053 0.000187 0.000271 0.177785 0.257313 
2304440 0.633453 0.001096 0.000179 0.000277 0.162884 0.252932 
2504440 0.626770 0.001130 0.000044 0.000283 0.038937 0.250263 
2.504440 0.616226 0.001141 0.000308 0.000281 0.269644 0.246053 
2.504440 0.603043 0.001056 0.000132 0.000254 0.124720 0.240789 
2.504440 0.592926 0.000978 0.000205 0.000232 0.209808 0.236750 
2304440 0.5847 17 0.000976 0.000069 0.000228 0.070363 0.233472 
2304440 0.576141 0.000978 0.000217 0.000225 0.222030 0.230048 
2.504440 0.567459 0.000984 0.000072 0.000223 0.073144 0.226581 
2.504440 0.560959 0.000978 0.000145 0.000219 0.148192 0.223986 
2504440 0.549088 0.000983 0.000250 0.000215 0.254883 0.219246 
2504440 0.535477 0.000990 0.000203 0.000212 0.205306 0.213811 
2504440 0.523087 0.000982 0.000210 0.000205 0.213989 0.208864 
2.504440 0.511780 0.000978 0.000167 0.000200 0.170550 0.204349 
2.504440 0.504593 0.000995 0.000072 0.000201 0.072807 0.201479 
2.504440 0.499329 0.001000 0.000103 0.000199 0.102987 0.199377 
181 
2.504440 0.488449 0.000985 0.000260 0.000192 0.263834 0.195033 
2.504440 0.478348 0.000979 0.000077 0.000187 0.078424 0.191000 
2.504440 0.469315 0.000983 0.000224 0.000184 0.227970 0.187393 
2.504440 0.456528 0.001009 0.000202 0.000184 0.200317 0.182287 
2.504440 0.445053 0.001047 0.000180 0.000186 0.172195 0.177706 
2.504440 0.434906 0.001060 0.000158 0.000184 0.149277 0.173654 
2.504440 0.426041 0.001046 0.000137 0.000178 0.131295 0.170114 
2.504440 0.418472 0.001013 0.000115 0.000169 0.113503 0.167092 
2.504440 0.402161 0.000967 0.000429 0.000155 0.443580 0.160579 
2.504440 0.387039 0.000928 0.000075 0.000143 0.081088 0.154541 
2504440 0.378113 0.000910 0.000222 0.000137 0.244342 0.150977 
2.504440 0.365356 0.000909 0.000203 0.000133 0.223381 0.145883 
2.504440 0.353729 0.000907 0.000185 0.000128 0.203488 0.141241 
2.504440 0.343185 0.000914 0.000167 0.000125 0.182460 0.137031 
2.504440 0.333572 0.000954 0.000153 0.000127 0.160767 0.133192 
2.504440 0.324799 0.000999 0.000139 0.000130 0.139512 '0.129689 
2.504440 0.316696 0.001005 0.000130 0.000127 0.129851 0.126454 
2.504440 0.309097 0.000974 0.000123 0.000120 0.126167 0.123420 
2.504440 0.296890 0.000938 0.000284 0.000111 0.302962 0.118546 
2.504440 0.284943 0.000907 0.000114 0.000103 0.125846 0.113775 
2.504440 0.278198 0.000883 0.000111 0.000098 0.125317 0.111082 
2.504440 0.266632 0.000860 0.000275 0.000092 0.319794 0.106464 
2.504440 0.255234 0.000839 0.000105 0.000086 0.124543 0.101912 
2.504440 0.249115 0.000833 0.000099 0.000083 0.119323 0.099469 
2.504440 0.238342 0.000847 0.000260 0.000081 0.306383 0.095168 
2504440 0.228088 0.000853 0.000082 0.000078 0.096258 0.091074 
2.504440 0.218506 0.000846 0.000238 0.000074 0.280666 0.087247 
2.504440 0.204651 0.000843 0.000224 0.000069 0.265848 0.081715 
2.504440 0.196609 0.000846 0.000044 0.000066 0.051985 0.078504 
2.504440 0.189407 0.000853 0.000196 0.000065 0.229762 0.075629 
2.504440 0.178009 0.000856 0.000184 0.000061 0.215161 0.071077 
2.504.440 0.167206 0.000875 0.000176 0.000058 0.200935 0.066764 
2.504440 0.156891 0.000900 0.000168 0.000056 0.186991 0.062645 
2.504440 0.146851 0.000903 0.000166 0.000053 0.183970 0.058636 
2504440 0.136917 0.000892 0.000165 0.000049 0.185285 0.054670 
2.504440 0.126984 0.000886 0.000166 0.000045 0.187082 0.050703 
2.504440 0.117020 0.000893 0.000166 0.000042 0.185898 0.046725 
2.504440 0.107178 0.000921 0.000162 0.000039 0.175829 0.042795 
2.504440 0.097610 0.000967 0.000157 0.000038 0.162593 0.038975 
2504440 0.088409 0.001009 0.000150 0.000036 0.148160 0.035301 
2504440 0.079712 0.001043 0.000140 0.000033 0.134409 0.031828 
2504440 0.066559 0.001060 0.000298 0.000028 0.281512 0.026576 
2504440 0.053833 0.001041 0.000126 0.000022 0.121125 0.021495 
2504440 0.046295 0.001014 0.000125 0.000019 0.123 156 0.018485 
2.504440 0.038773 0.001002 0.000126 0.000016 0.125838 0.015482 
2.504440 0.026062 0.000985 0.000298 0.000010 0.302047 0.010406 
2.504440 0.012955 0.000957 0.000139 0.000005 0.145306 0.005173 
2504440 0.004395 0.000925 0.000146 0.000002 0.158391 0.001755 
BSER 
2.861801 2.821777 0.001304 0.001334 0.001286 1.022947 0.986014 
2.861801 2.740997 0.001303 0.001359 0.001248 1.043259 0.957787 
2.861801 2.658737 0.001309 0.001383 0.001216 1.056355 0.929043 
2.861801 2.575195 0.001325 0.001402 0.001192 1.058228 0.899851 
2.861801 2.490723 0.001344 0.001413 0.001170 1.051865 0.870334 
2.861801 2.405838 0.001356 0.001416 0.001140 1.044151 0.840673 
2.861801 2.321121 0.001364 0.001408 0.001106 1.032495 0.811070 
2.861801 2.237228 0.001371 0.001388 0.001072 1.012640 0.781755 
2.861801 2.154755 0.001367 0.001361 0.001029 0.995276 0.752936 
2.861801 2.074188 0.001356 0.001325 0.000983 0.976817 0.724784 
2.861801 1.996063 0.001347 0.001279 0.000940 0.949524 0.697485 
2.861801 1.920868 0.001320 0.001227 0.000886 0.929486 0.671209 
2.861801 1.848953 0.001256 0.001170 0.000812 0.931561 0.646080 
2.861801 1.780640 0.001178 0.001107 0.000733 0.939590 0.622209 
2.861801 1.716263 0.001117 0.001039 0.000670 0.930572 0599714 
182 
2.861801 1.655960 0.001074 0.000971 0.000622 0.903927 0.578643 
2.861801 1.599701 0.001043 0.000904 0.000583 0.866706 0.558984 
2.861801 1.547409 0.001015 0.000839 0.000549 0.826950 0340712 
2.861801 1.498871 0.000985 0.000779 0.000516 0.791189 0.523751 
2.861801 1.453705 0.000956 0.000727 0.000485 0.760216 0.507968 
2.861801 1.411423 0.000933 0.000683 0.000460 0.731542 0.493194 
2.861801 1.371582 0.000920 0.000645 0.000441 0.701391 0.479272 
2.861801 1.333588 0.000944 0.000621 0.000440 0.657654 0.465996 
2.861801 1.296844 0.001012 0.000604 0.000459 0.596880 0.453157 
2.861801 1.260834 0.001081 0.000596 0.000476 0.551891 0.440573 
2.861801 1.225052 0.001135 0.000597 0.000486 0.525863 0.428070 
2.861801 1.189056 0.001182 0.000603 0.000491 0.510239 0.415492 
2.861801 1.152542 0.001203 0.000614 0.000485 0.510605 0.402733 
2.861801 1.115326 0.001180 0.000626 0.000460 0.530182 0389729 
2.861801 1.077484 0.001142 0.000636 0.000430 0.556385 0376506 
2.861801 1.039154 0.001123 0.000642 0.000408 0.571788' 0363112 
2.861801 1.000565 0.001138 0.000644 0.000398 0.566084 0.349628 
2.861801 0.962067 0.001169 0.000639 0.000393 0.546467 0336175 
2.861801 0.924026 0.001189 0.000629 0.000384 0.529001 0322883 
2.861801 0.886795 0.001205 0.000612 0.000373 0.507948 0309873 
2.861801 0.850662 0.001211 0.000593 0.000360 0.489340 0.297247 
2.861801 0.815720 0.001208 0.000572 0.000344 0.473318 0.285037 
2.861801 0.782013 0.001202 0.000552 0.000328 0.459096 0.273259 
2.861801 0.749420 0.001186 0.000535 0.000310 0.450895 0.261870 
2.861801 0.717773 0.001156 0.000520 0.000290 0.449771 0.250812 
2.861801 0.686966 0.001128 0.000507 0.000271 0.449482 0.240047 
2.861801 0.656876 0.001117 0.000496 0.000256 0.443880 0.229532 
2.861801 0.627533 0.001115 0.000482 0.000245 0.432536 0.219279 
2.861801 0.598999 0.001097 0.000469 0.000230 0.427109 0209308 
2.861801 0.571335 0.001059 0.000453 0.000211 0.428299 0.199642 
2.861801 0.544724 0.001011 0.000434 0.000192 0.429035 0.190343 
2.861801 0.519272 0.000962 0.000415 0.000175 0.431287 0.181449 
2.861801 0.495117 0.000922 0.000390 0.000159 0.423038 0.173009 
2.861801 0.472443 0.000889 0.000366 0.000147 0.412143 0.165086 
2.861801 0.451294 0.000862 0.000338 0.000136 0.392668 0.157696 
2.861801 0.431763 0.000837 0.000313 0.000126 0.373527 0.150871 
2.861801 0.413818 0.000821 0.000286 0.000119 0.347969 0.144601 
2.861801 0.397415 0.000811 0.000261 0.000113 0.322205 0.138869 
2.861801 0.382401 0.000811 0.000239 0.000108 0.294621 0.133622 
2.861801 0.368576 0.000826 0.000222 0.000106 0.268142 0.128792 
2.861801 0.355804 0.000834 0.000204 0.000104 0.244836 0.124329 
2.861801 0.343842 0.000839 0.000195 0.000101 0.231766 0.120149 
2.861801 0.332489 0.000863 0.000184 0.000100 0.212968 0.116182 
2.861801 0.321701 0.000898 0.000176 0.000101 0.195732 0.112412 
2.861801 0.311356 0.000931 0.000169 0.000101 0.181965 0.108797 
2.861801 0.301468 0.000962 0.000160 0.000101 0.166493 0.105342 
2.861801 0.292068 0.000981 0.000153 0.000100 0.156118 0.102058 
2.861801 0.283051 0.000982 0.000147 0.000097 0.149950 0.098906 
2.861801 0.274384 0.000978 0.000142 0.000094 0.144830 0.095878 
2.861801 0.265945 0.000968 0.000140 0.000090 0.144555 0.092929 
2.861801 0.257538 0.000944 0.000140 0.000085 0.148437 0.089992 
2.861801 0.248947 0.000918 0.000146 0.000080 0.159623 0.086990 
2.861801 0.239914 0.000899 0.000155 0.000075 0.171956 0.083833 
2.861801 0.230301 0.000885 0.000166 0.000071 0.187434 0.080474 
2.861801 0.219955 0.000861 0.000179 0.000066 0.207998 0.076859 
2.861801 0.208847 0.000833 0.000191 0.000061 0.229636 0.072977 
2.861801 0.197052 0.000817 0.000202 0.000056 0.247215 0.068856 
2.861801 0.184723 0.000807 0.000209 0.000052 0.258898 0.064548 
2.861801 0.172028 0.000806 0.000214 0.000048 0.265635 0.060112 
2.861801 0.159180 0.000807 0.000214 0.000045 0.265197' 0.055622 
2.861801 0.146439 0.000798 0.000211 0.000041 0.263853 0.051170 
2.861801 0.133987 0.000779 0.000204 0.000036 0.262381 0.046819 
2.861801 0.122070 0.000762 0.000193 0.000032 0.253047 0.042655 
2.861801 0.110962 0.000752 0.000178 0.000029 0.235936 0.038773 
2.861801 0.100784 0.000752 0.000162 0.000026 0.214977 0.035217 


























































































































AT 4 m SPACING 
OBSERVATION 1 
4.088 4.022 0.002692 0.002201 0.002648 0.817813 0.983848 
4.088 3.896 0.002675 0.002012 0.002549 0.752144 0.952933 
4.088 3.781 0.002641 0.001829 0.002442 0.692362 0.924757 
4.088 3.676 0.002590 0.001666 0.002329 0.643127 0.899118 
4.088 3.580 0.002426 0.001530 0.002125 0.630544 0.875671 
4.088 3.491 0.002196 0.001429 0.001875 0.650984 0.853958 
4.088 3.407 0.002046 0.001368 0.001705 0.668635 0.833433 
4.088 3.326 0.002021 0.001348 0.001644 0.666686 0.813508 
4.088 3.244 0.002056 0.001361 0.001632 0.661683 0.793639 
4.088 3.162 0.002098 0.001402 0.001623 0.668368 0.773367 
4.088 3.076 0.002175 0.001462 0.001636 0.672455 0.752349 
4.088 2.986 0.002261 0.001532 0.001651 0.677415 0.730379 
4.088 2.892 0.002337 0.001596 0.001653 0.682847 0.707432 
4.088 2.795 0.002430 0.001646 0.001661 0.677612 0.683644 
4.088 2.695 0.002549 0.001670 0.001681 0.655014 0.659312 
4.088 2.595 0.002651 0.001659 0.001683 0.625911 0.634883 
4.088 2.497 0.002739 0.001611 0.001673 0.588283 0.610887 
4.088 2.403 0.002810 0.001523 0.001652 0.541900 0.587891 
4.088 2.316 0.002840 0.001401 0.001609 0.493420 0.566440 
4.088 2.236 0.002853 0.001258 0.001561 0.441005 0.546925 
4.088 2.165 0.002887 0.001109 0.001529 0.384184 0.529553 
4.088 2.102 0.002934 0.000972 0.001509 0.331245 0.514286 
4.088 2.047 0.002970 0.000862 0.001488 0.290173 0.500832 
4.088 1.998 0.002974 0.000787 0.001453 0.264616 0.488737 
4.088 1.952 0.002974 0.000755 0.001420 0.254011 0.477422 
4.088 1.906 0.002967 0.000758 0.001384 0.255609 0.466316 
4.088 1.860 0.002920 0.000789 0.001329 0.270313 0.454959 
4.088 1.811 0.002840 0.000830 0.001258 0.292282 0.443077 
4.088 1.760 0.002753 0.000863 0.001185 0.313660 0.430650 
4.088 1.708 0.002685 0.000881 0.001122 0.327989 0.417853 
4.088 1.656 0.002634 0.000868 0.001067 0.329569 0.405022 
4.088 1.605 0.002607 0.000826 0.001024 0.316815 0392591 
184 
4.088 1.557 0.002587 0.000760 0.000985 0.293849 0.380951 
4.088 1.514 0.002570 0.000678 0.000952 0.263829 0370401 
4.088 1.476 0.002560 0.000594 0.000924 0.232099 0361068 
4.088 1.442 0.002549 0.000517 0.000900 0.202705 0352917 
4.088 1.413 0.002539 0.000459 0.000878 0.180685 0345759 
4.088 1387 0.002526 0.000422 0.000857 0.166956 0339299 
4.088 1.362 0.002515 0.000407 0.000838 0.161772 0333220 
4.088 1.337 0.002502 0.000412 0.000819 0.164587 0327212 
4.088 1.312 0.002498 0.000431 0.000802 0.172651 0.321028 
4.088 1.285 0.002505 0.000458 0.000788 0.182940 0314501 
4.088 1.257 0.002512 0.000484 0.000773 0.192771 0307585 
4.088 1.227 0.002529 0.000507 0.000759 0.200421 0300312 
4.088 1.197 0.002556 0.000522 0.000748 0.204154 0.292766 
4.088 1.165 0.002597 0.000525 0.000740 0.202126 0.285086 
4.088 1.134 0.002665 0.000522 0.000739 0.196031 0.277402 
4.088 1.103 0.002725 0.000512 0.000735 0.187831 0.269811 
4.088 1.072 0.002752 0.000496 0.000722 0.180355 0.262414 
4.088 1.043 0.002766 0.000484 0.000706 0.175063 0.255219 
4.088 1.014 0.002756 0.000474 0.000684 0.172108 0.248184 
4.088 0.986 0.002736 0.000468 0.000660 0.171056 0.241273 
4.088 0.958 0.002732 0.000468 0.000640 0.171267 0.234406 
4.088 0.930 0.002736 0.000475 0.000622 0.173472 0.227491 
4.088 0.901 0.002722 0.000484 0.000600 0.177880 0.220456 
4.088 0.871 0.002698 0.000498 0.000575 0.184529 0.213250 
4.088 0.841 0.002665 0.000512 0.000548 0.192120 0.205838 
4.088 0.810 0.002610 0.000527 0.000517 0.202052 0.198214 
4.088 0.778 0.002556 0.000541 0.000487 0.211723 0.190373 
4.088 0.745 0.002502 0.000554 0.000456 0.221519 0.182335 
4.088 0.711 0.002437 0.000568 0.000424 0.233163 0.174102 
4.088 0.677 0.002382 0.000580 0.000395 0.243552 0.165675 
4.088 0.642 0.002354 0.000592 0.000370 0.251368 0.157077 
4.088 0.606 0.002334 0.000604 0.000346 0.258713 0.148307 
4.088 0.569 0.002296 0.000615 0.000320 0.267968 0.139361 
4.088 0.532 0.002265 0.000623 0.000295 0.275240 0.130274 
4.088 0.495 0.002258 0.000632 0.000273 0.279798 0.121067 
4.088 0.456 0.002251 0.000637 0.000252 0.283028 0.111756 
4.088 0.418 0.002247 0.000640 0.000230 0.284596 0.102389 
4.088 0.380 0.002237 0.000639 0.000208 0.285569 0.093011 
4.088 0.342 0.002223 0.000636 0.000186 0.285972 0.083659 
4.088 0.304 0.002234 0.000629 0.000166 0.281567 0.074377 
4.088 0.266 0.002261 0.000618 0.000147 0.273511 0.065227 
4.088 0.229 0.002313 0.000607 0.000130 0.262451 0.056233 
4.088 0.193 0.002368 0.000593 0.000112 0.250225 0.047433 
4.088 0.158 0.002389 0.000584 0.000093 0.244661 0.038797 
4.088 0.124 0.002385 0.000555 0.000073 0.232645 0.030438 
4.088 0.090 0.002375 0.000585 0.000052 0.246391 0.022071 
4.088 0.058 0.002368 0.000468 0.000034 0.197602 0.014346 
4.088 0.022 0.002361 0.000744 0.000013 0.314931 0.005456 
ERVATI 
3.977 3.912 0.002412 0.002161 0.002373 0.895635 0.983704 
3.977 3.784 0.002375 0.002107 0.002260 0.887029 0.951518 
3.977 3.658 0.002330 0.002083 0.002143 0.894100 0.919915 
3.977 3.534 0.002293 0.002083 0.002037 0.908419 0.888492 
3.977 3.408 0.002251 0.002096 0.001929 0.930889 0.856981 
3.977 3.282 0.002229 0.002111 0.001839 0.947282 0.825252 
3.977 3.155 0.002229 0.002111 0.001768 0.947279 0.793407 
3.977 3.029 0.002214 0.002083 0.001686 0.940849 0.761777 
3.977 2.906 0.002210 0.002018 0.001615 0.913320 0.730849 
3.977 2.788 0.002217 0.001917 0.001555 0.864325 0.701172 
3.977 2.678 0.002221 0.001781 0.001496 0.801907 0.673283 
3.977 2.575 0.002270 0.001627 0.001470 0.716595 0.647576 
3.977 2.482 0.002345 0.001469 0.001464 0.626297 0.624229 
3.977 2.399 0.002405 0.001326 0.001451 0.551485 0.603145 
3.977 2322 0.002443 0.001212 0.001427 0.496098 0.583998 
185 
3.977 2.252 0.002432 0.001134 0.001377 0.466579 0.566302 
3.977 2.185 0.002405 0.001099 0.001322 0.457070 0.549453 
3.977 2.119 0.002387 0.001102 0.001272 0.461717 0.532850 
3.977 2.052 0.002360 0.001132 0.001218 0.479555 0.516001 
3.977 1.983 0.002338 0.001180 0.001166 0.504736 0.498565 
3.977 1.910 0.002300 0.001227 0.001105 0.533523 0.480408 
3.977 1.836 0.002270 0.001264 0.001048 0.556943 0.461615 
3.977 1.759 0.002282 0.001285 0.001009 0.563222 0.442384 
3.977 1.682 0.002319 0.001283 0.000981 0.553020 0.423018 
3.977 1.606 0.002364 0.001261 0.000955 0.533570 0.403833 
3.977 1.531 0.002405 0.001221 0.000926 0.507525 0.385112 
3.977 1.460 0.002431 0.001170 0.000892 0.481047 0.367082 
3.977 1.391 0.002457 0.001112 0.000860 0.452350 0349876 
3.977 1.326 0.002465 0.001050 0.000822 0.425903 0333576 
3.977 1.265 0.002446 0.000986 0.000778 0.403149 0318220 
3.977 1.208 0.002439 0.000922 0.000741 0.378098 0303826 
3.977 1.155 0.002458 0.000854 0.000714 0.347702 0.290426 
3.977 1.106 0.002495 0.000785 0.000694 0.314486 0.278062 
3.977 1.061 0.002495 0.000709 0.000666 0.284113 0.266799 
3.977 1.020 0.002450 0.000633 0.000629 0.258465 0.256679 
3.977 0.985 0.002413 0.000562 0.000598 0.233051 0.247660 
3.977 0.953 0.002409 0.000498 0.000577 0.206700 0.239665 
3.977 0.924 0.002439 0.000452 0.000567 0.185504 0.232495 
3.977 0.898 0.002469 0.000426 0.000558 0.172762 0.225866 
3.977 0.872 0.002487 0.000423 0.000546 0.170141 0.219460 
3.977 0.846 0.002495 0.000444 0.000531 0.177788 0.212923 
3.977 0.819 0.002513 0.000484 0.000518 0.192665 0.205925 
3.977 0.788 0.002547 0.000537 0.000505 0.210909 0.198222 
3.977 0.754 0.002591 0.000594 0.000492 0.229270 0.189690 
3.977 0.717 0.002639 0.000644 0.000476 0.243880 0.180353 
3.977 0.677 0.002647 0.000683 0.000451 0.257994 0.170348 
3.977 0.636 0.002613 0.000702 0.000418 0.268481 0.159906 
3.977 0.594 0.002565 0.000697 0.000383 0.271531 0.149360 
3.977 0.553 0.002532 0.000670 0.000352 0.264462 0.139056 
3.977 0.514 0.002517 0.000623 0.000325 0.247338 0.129312 
3.977 0.478 0.002491 0.000559 0.000300 0.224507 0.120396 
3.977 0.447 0.002413 0.000486 0.000271 0.201331 0.112517 
3.977 0.420 0.002315 0.000415 0.000245 0.179255 0.105723 
3.977 0.397 0.002263 0.000348 0.000226 0.153975 0.099965 
3.977 0.378 0.002236 0.000299 0.000213 0.133844 0.095077 
3.977 0.361 0.002217 0.000271 0.000201 0.122255 0.090777 
3.977 0.344 0.002191 0.000267 0.000190 0.121873 0.086718 
3.977 0.328 0.002165 0.000287 0.000179 0.132643 0.082537 
3.977 0.309 0.002157 0.000329 0.000168 0.152446 0.077891 
3.977 0.288 0.002153 0.000384 0.000156 0.178340 0.072516 
3.977 0.263 0.002157 0.000448 0.000143 0.207502 0.066244 
3.977 0.234 0.002153 0.000507 0.000127 0.235502 0.059044 
3.977 0.202 0.002161 0.000560 0.000110 0.259155 0.050995 
3.977 0.168 0.002206 0.000600 0.000093 0.271818 0.042248 
3.977 0.131 0.002278 0.000623 0.000075 0.273334 0.033030 
3.977 0.093 0.002353 0.000631 0.000055 0.268405 0.023570 
3.977 0.055 0.002386 0.000630 0.000034 0.263979 0.014056 
3.977 0.018 0.002394 0.000617 0.000011 0.257737 0.004653 
BSERVATION 3 
3.570 3.468 0.003488 0.003408 0.003388 0.977104 0.971362 
3.570 3.290 0.003496 0.002526 0.003222 0.722466 0.921504 
3.570 3.135 0.003480 0.002643 0.003055 0.759510 0.878075 
3.570 2.987 0.003496 0.002266 0.002926 0.648205 0.836825 
3.570 2.847 0.003488 0.002410 0.002782 0.690941 0.797537 
3.570 2.712 0.003426 0.002086 0.002603 0.608835 0.759761 
3.570 2.590 0.003343 0.001972 0.002426 0.589965 0.725661 
3.570 2.459 0.003310 0.002402 0.002280 0.725632 0.688903 
3.570 2.321 0.003376 0.002206 0.002195 0.653246 0.650187 
3.570 2.199 0.003521 0.001869 0.002169 0.530910 0.615950 
im 
3.570 2.081 0.003640 0.002045 0.002122 0.561794 0.583064 
3.570 1.959 0.003721 0.002044 0.002042 0.549400 0.548703 
3.570 1.837 0.003815 0.002020 0.001963 0.529545 0.514552 
3.570 1.727 0.003900 0.001628 0.001887 0.417436 0.483901 
3.570 1.622 0.003952 0.001865 0.001796 0.471869 0.454553 
3.570 1.515 0.003924 0.001729 0.001665 0.440596 0.424359 
3.570 1.406 0.003883 0.001898 0.001530 0.488854 0393879 
3.570 1.287 0.003887 0.002050 0.001402 0.527337 0360702 
3.570 1.175 0.003887 0.001697 0.001280 0.436408 0329222 
3.570 1.069 0.003908 0.001847 0.001170 0.472544 0.299451 
3.570 0.963 0.003988 0.001678 0.001076 0.420779 0.269834 
3.570 0.862 0.004093 0.001694 0.000988 0.414029 0.241495 
3'570 0.769 0.004153 0.001403 0.000895 0.337862 0.215468 
3.570 0.692 0.004177 0.001141 0.000811 0.273091 0.194095 
3.570 0.626 0.004204 0.001074 0.000738 0.255375 0.175492 
3.570 0.563 0.004228 0.001044 0.000667 0.247011 0.157692 
3.570 0.500 0.004232 0.001037 0.000593 0.245032 0.140204 
3.570 0.446 0.004236 0.000758 0.000530 0.179009 0.125117 
3.570 0.396 0.004260 0.000928 0.000473 0.217825 0.110946 
3.570 0.343 0.004284 0.000812 0.000413 0.189427 0.096330 
3.570 0.299 0.004252 0.000676 0.000356 0.158965 0.083833 
3.570 0.262 0.004165 0.000562 0.000306 0.134890 0.073431 
3.570 0.230 0.004093 0.000505 0.000264 0.123469 0.064465 
3.570 0.199 0.004061 0.000500 0.000227 0.123190 0.056016 
3.570 0.179 0.004008 0.000183 0.000202 0.045680 0.050276 
3.570 0.163 0.003924 0.000367 0.000179 0.093460 0.045656 
3.570 0.141 0.003883 0.000333 0.000154 0.085852 0.039771 
3.570 0.121 0.003887 0.000333 0.000133 0.085763 0.034168 
3.570 0.102 0.003887 0.000300 0.000112 0.077129 0.028848 
3.570 0.083 0.003908 0.000367 0.000091 0.093845 0.023249 
3.570 0.060 0.003988 0.000383 0.000068 0.096092 0.016945 
3.570 0.041 0.004093 0.000250 0.000048 0.061144 0.011625 
3.570 0.025 0.004153 0.000283 0.000030 0.068222 0.007141 
3.570 0.011 0.004177 0.000200 0.000013 0.047859 0.003081 
3.570 0.002 0.004204 0.000083 0.000003 0.019840 0.000701 
AT 6 m SPACING 
OBSERVATION 1 
6.704 6.532 0.005828 0.005720 0.005679 0.981400 0.974407 
6.704 6.197 0.005766 0.005440 0.005331 0.943306 0.924473 
6.704 5.878 0.005651 0.005201 0.004955 0.920383 0.876860 
6.704 5.573 0.005550 0.004989 0.004614 0.898909 0.831261 
6.704 5.279 0.005527 0.004795 0.004353 0.867489 0.787481 
6.704 4.997 0.005527 0.004611 0.004120 0.834278 0.745392 
6.704 4.726 0.005543 0.004434 0.003907 0.800007 0.704916 
6.704 4.465 0.005605 0.004260 0.003733 0.760144 0.666011 
6.704 4.214 0.005689 0.004090 0.003577 0.718945 0.628645 
6.704 3.974 0.005836 0.003923 0.003459 0.672301 0392785 
6.704 3.743 0.006035 0.003756 0.003370 0.622463 0358420 
6.704 3.523 0.006126 0.003591 0.003220 0.586215 0.525542 
6.704 3.312 0.006096 0.003424 0.003012 0.561744 0.494147 
6.704 3.112 0.006065 0.003261 0.002816 0.537654 0.464232 
6.704 2.921 0.006073 0.003098 0.002646 0.510131 0.435778 
6.704 2.740 0.006065 0.002940 0.002479 0.484780 0.408758 
6.704 2.568 0.006012 0.002788 0.002303 0.463758 0383124 
6.704 2.405 0.005935 0.002646 0.002130 0.445861 0358808 
6.704 2.250 0.005859 0.002515 0.001967 0.429344 0335709 
6.704 2.103 0.005797 0.002396 0.001819 0.413293 0313733 
6.704 1.962 0.005736 0.002289 0.001679 0.399144 0292769 
6.704 1.828 0.005689 0.002191 0.001552 0.385184 0.272718 
6.704 1.699 0.005689 0.002100 0.001442 0.369044 0.253518 
6.704 1.576 0.005759 0.002010 0.001354 0.349063 0.235128 
6.704 1.458 0.005789 0.001920 0.001259 0.331614 0.217542 
6.704 1.346 0.005766 0.001825 0.001158 0.316445 0.200787 
6.704 1.239 0.005774 0.001725 0.001068 0.298801 0.184903 
187 
6.704 1.134 0.005789 0.001788 0.000979 0.308903 0.169180 
6.704 1.035 0.005812 0.001513 0.000897 0.260292 0.154407 
6.704 0.952 0.005828 0.001238 0.000828 0.212434 0.142099 
6.704 0.881 0.005835 0.001134 0.000767 0.194330 0.131484 
6.704 0.811 0.005835 0.001204 0.000706 0.206400 0.121021 
6.704 0.746 0.005843 0.000953 0.000651 0.163084 0.111367 
6.704 0.686 0.005858 0.001049 0.000600 0.179066 0.102409 
6.704 0.625 0.005843 0.000995 0.000545 0.170222 0.093264 
6.704 0.571 0.005812 0.000793 0.000496 0.136381 0.085266 
6.704 0.519 0.005782 0.000941 0.000448 0.162839 0.077507 
6.704 0.473 0.005774 0.000605 0.000408 0.104785 0.070586 
6.704 0.436- 0.005774 0.000615 0.000376 0.106590 0065 126 
6.704 0.394 0.005759 0.000798 0.000339 0.138539 0.058801 
6.704 0.350 0.005743 0.000652 0.000300 0.113537 0.052315 
6.704 0.311 0.005735 0.000671 0.000266 0.117015 0.046393 
6.704 0.275 0.005743 0.000515 0.000236 0.089669 0.041085 
6.704 0.244 0.005759 0.000515 0.000210 0.089386 0.036479 
6.704 0.219 0.005782 0.000335 0.000189 0.057930 0.032676 
6.704 0.194 0.005805 0.000474 0.000169 0.08 1709 0.029055 
6.704 0.172 0.005812 0.000268 0.000150 0.046160 0.025732 
6.704 0.152 0.005828 0.000386 0.000133 0.066287 0.022803 
6.704 0.131 0.005843 0.000332 0.000114 0.056797 0.019589 
6.704 0.113 0.005843 0.000276 0.000099 0.047222 0.016869 
6.704 0.093 0.005835 0.000391 0.000081 0.067027 0.013886 
6.704 0.070 0.005851 0.000345 0.000062 0.059027 0.010590 
6.704 0.051 0.005905 0.000307 0.000045 0.052030 0.007670 
6.704 0.033 0.005973 0.000278 0.000030 0.046618 0.005048 
6.704 0.012 0.006027 0.000425 0.000011 0.070508 0.001900 
BSER 
6.355 6.228 0.004733 0.004217 0.004639 0.890928 0.980093 
6.355 5.983 0.004755 0.003953 0.004477 0.831329 0.941526 
6.355 5.752 0.004791 0.003747 0.004336 0.782114 0.905179 
6.355 5.532 0.004819 0.003586 0.004195 0.744011 0.870566 
6.355 5.321 0.004826 0.003459 0.004041 0.716762 0.837310 
6.355 5.116 0.004834 0.003361 0.003892 0.695334 0.805115 
6.355 4.917 0.004848 0.003282 0.003751 0.677009 0.773755 
6.355 4.722 0.004855 0.003213 0.003608 0.661707 0.743094 
6.355 4.531 0.004855 0.003147 0.003462 0.648179 0.713072 
6.355 4.344 0.004862 0.003079 0.003324 0.633265 0.683681 
6.355 4.162 0.004877 0.003008 0.003194 0.616810 0.654946 
6.355 3.984 0.004884 0.002931 0.003062 0.600183 0.626909 
6.355 3.810 0.004877 0.002854 0.002924 0.585206 0.599600 
6.355 3.641 0.004884 0.002774 0.002799 0.568060 0.573030 
6.355 3.477 0.004905 0.002697 0.002684 0.5498 19 0.547203 
6.355 3.317 0.004912 0.002624 0.002565 0.534104 0.522086 
6.355 3.162 0.004920 0.002558 0.002448 0.519888 0.497627 
6.355 3.010 0.004934 0.002498 0.002337 0.506373 0.473760 
6.355 2.862 0.004970 0.002443 0.002239 0.491613 0.450432 
6.355 2.717 0.005013 0.002391 0.002143 0.476950 0.427613 
6.355 2.575 0.005034 0.002339 0.002040 0.464613 0.405286 
6.355 2.436 0.005056 0.002283 0.001939 0.451676 0383466 
6.355 2.301 0.005084 0.002224 0.001841 0.437498 0362188 
6.355 2.170 0.005105 0.002157 0.001743 0.422567 0341503 
6.355 2.043 0.005141 0.002082 0.001653 0.404953 0321493 
6.355 1.920 0.005212 0.002000 0.001575 0.383778 0302223 
6.355 1.803 0.005268 0.001913 0.001495 0.363200 0.283749 
6.355 1.691 0.005304 0.001825 0.001411 0.344139 0.266099 
6.355 1.584 0.005339 0.001742 0.001331 0.326331 0.249259 
6.355 1.481 0.005381 0.001668 0.001255 0.309865 0.233162 
6.355 1.383 0.005438 0.001607 0.001184 0.295555 0.217705 
6.355 1.288 0.005501 0.001562 0.001115 0.284015 0.202741 
6.355 1.195 0.005572 0.001538 0.001048 0.276051 0.188105 
6.355 1.103 0.005635 0.001529 0.000978 0.271370 0.173624 
6.355 1.021 0.005663 0.001200 0.000910 0.211870 0.160743 
im 
6.355 0.944 0.005649 0.001378 0.000839 0.243912 0.148575 
6.355 0.861 0.005614 0.001390 0.000761 0.247521 0.135511 
6.355 0.782 0.005558 0.001226 0.000685 0.220560 0.123165 
6.355 0.714 0.005487 0.001049 0.000617 0.191133 0.112427 
6.355 0.652 0.005410 0.001021 0.000555 0.188651 0.102658 
6.355 0.592 0.005346 0.000976 0.000498 0.182617 0.093231 
6355 0.530 0.005325 0.001079 0.000445 0.202587 0.083531 
6.355 0.468 0.005339 0.001001 0.000394 0.187525 0.073711 
6.355 0.415 0.005353 0.000750 0.000350 0.140096 0.065444 
6.355 0368 0.005346 0.000829 0.000310 0.155073 0.057992 
6.355 0.321 0.005318 0.000745 0.000269 0.140021 0.050563 
6.355 0.278 0.005276 0000669 0.000232 0.126734 0.043891 
6.355 0.245 0.005212 0.000438 0.000202 0.084124 0.038666 
6.355 0.215 0.005148 0.000555 0.000175 0.107841 0.033974 
6.355 0.183 0.005112 0.000519 0.000148 0.101478 0.028906 
6.355 0.158 0.005091 0.000324 0.000127 0.063689 0.024925 
6.355 0.139 0.005084 0.000304 0.000112 0.059824 0.021960 
6.355 0.121 0.005127 0.000287 0.000098 0.055952 0.019170 
6355 0.100 0.005255 0.000434 0.000083 0.082616 0.015765 
6.355 0.079 0.005382 0.000248 0.000068 0.046074 0.012545 
6.355 0.060 0.005522 0.000391 0.000053 0.070826 0.009530 
6.355 0.037 0.005726 0.000363 0.000034 0.063424 0.005969 
6.355 0.021 0.005907 0.000170 0.000020 0.028714 0.003453 
6.355 0.012 0.006005 0.000148 0.000012 0.024649 0.001954 
6.355 0.003 0.006053 0.000133 0.000004 0.021972 0.000627 
BSERV 
6.117 5.964 0.006015 0.005111 0.005864 0.849695 0.974937 
6.117 5.668 0.006051 0.004761 0.005606 .0.786802 0.926528 
6.117 5391 0.006057 0.004456 0.005338 0.735634 0.881331 
6.117 5.132 0.006015 0.004181 0.005046 0.695073 0.838978 
6.117 4.889 0.006051 0.003927 0.004836 0.649069 0.799217 
6.117 4.660 0.005967 0.003695 0.004546 0.619347 0.761835 
6.117 4.445 0.005810 0.003482 0.004222 0.599397 0.726635 
6.117 4.241 0.005640 0.003292 0.003911 0.583665 0.693416 
6.117 4.049 0.005512 0.003121 0.003649 0.566202 0.661968 
6.117 3.866 0.005512 0.002966 0.003484 0.538010 0.632119 
6.117 3.693 0.005542 0.002826 0.003346 0.509913 0.603716 
6.117 3.527 0.005536 0.002696 0.003192 0.487000 0.576636 
6.117 3.369 0.005555 0.002571 0.003060 0.462817 0.550805 
6.117 3.218 0.005555 0.002450 0.002923 0.440979 0.526186 
6.117 3.075 0.005494 0.002329 0.002762 0.423932 0.502752 
6.117 2.939 0.005402 0.002211 0.002596 0.409281 0.480488 
6.117 2.810 0.005329 0.002094 0.002448 0.392973 0.459377 
6.117 2.688 0.005255 0.001980 0.002309 0.376809 0.439397 
6.117 2.572 0.005162 0.001870 0.002171 0.362224 0.420516 
6.117 2.463 0.005144 0.001765 0.002071 0.343157 0.402689 
6.117 2360. 0.005199 0.001664 0.002006 0.320078 0385872 
6.117 2.263 0.005273 0.001571 0.001951 0.297988 0370004 
6.117 2.171 0.005359 0.001486 0.001903 0.277265 0355010 
6.117 2.084 0.005427 0.001409 0.001850 0.259612 0340815 
6.117 2.002 0.005464 0.001343 0.001788 0.245770 0327321 
6.117 1.923 0.005494 0.001288 0.001727 0.234460 0314418 
6.117 1.847 0.005518 0.001245 0.001667 0.225630 0301997 
6.117 1.773 0.005525 0.001213 0.001602 0.219626 0.289939 
6.117 1.701 0.005525 0.001187 0.001537 0.214927 0.278166 
6.117 1.630 0.005555 0.001170 0.001481 0.210546 0.266608 
6.117 1.561 0.005652 0.001151 0.001443 0.203546 0.255231 
6.117 1.492 0.005762 0.001133 0.001406 0.196643 0.244032 
6.117 1.425 0.005828 0.001112 0.001358 0.190862 0.233022 
6.117 1359 0.005852 0.001087 0.001301 0.185769 0.222234 
6.117 1.295 0.005858 0.001056 0.001240 0.180328 0.211723 
6.117 1.232 0.005870 0.001023 0.001183 0.174236 0.201526 
6.117 1.172 0.005925 0.000986 0.001136 0.166368 0.191676 
6.117 1.114 0.006045 0.000946 0.001101 0.156412 0.182206 
im 
6.117 1.059 0.006141 0.000909 0.001063 0.148006 0.173111 
6.117 1.005 0.006141 0.000877 0.001009 0.142746 0.164354 
6.117 0.953 0.006093 0.000850 0.000950 0.139573 0.155886 
6.117 0.903 0.006039 0.000834 0.000892 0.138123 0.147625 
6.117 0.853 0.006021 0.000823 0.000840 0.136767 0.139496 
6.117 0.804 0.006069 0.000820 0.000798 0.135178 0.131434 
6.117 0.754 0.006123 0.000815 0.000756 0.133030 0.123415 
6.117 0.706 0.006153 0.000802 0.000711 0.130272 0.115491 
6.117 0.659 0.006165 0.000778 0.000664 0.126183 0.107744 
6.117 0.613 0.006189 0.000736 0.000621 0.118877 0.100320 
6.117 0.571 0.006201 0.000675 0.000579 0.108803 0.093404 
6.117 0.533 0.006171 0.000599 0.000538 0.097049 0.087158- 
6.117 0.499 0.006105 0.000516 0.000499 0.084516 0.081691 
6.117 0.471 0.006009 0.000435 0.000463 0.072326 0.077029 
6.117 0.447 0.005943 0.000364 0.000435 0.061193 0.073115 
6.117 0.426 0.005931 0.000316 0.000414 0.053257 0.069783 
6.117 0.408 0.005925 0.000294 0.000396 0.049577 0.066792 
6.117 0.390 0.005895 0.000301 0.000377 0.051082 0.063876 
6.117 0.371 0.005858 0.000331 0.000356 0.056521 0.060776 
6.117 0.350 0.005834 0.000379 0.000334 0.064994 0.057291 
6.117 0.326 0.005816 0.000435 0.000310 0.074729 0.053301 
6.117 0.298 0.005804 0.000490 0.000283 0.084437 0.048766 
6.117 0.267 0.005828 0.000537 0.000255 0.092158 0.043730 
6.117 0.234 0.005895 0.000572 0.000226 0.097031 0.038290 
6.117 0.199 0.005955 0.000588 0.000194 0.098824 0.032600 
6.117 0.163 0.005997 0.000600 0.000161 0.100124 0.026769 
6.117 0.128 0.006015 0.000589 0.000126 0.097964 0.020935 
6.117 0.092 0.005985 0.000607 0.000090 0.101431 0.015068 
6.117 0.057 0.005931 0.000534 0.000056 0.090051 0.009473 
6.117 0.020 0.005864 0.000699 0:000020 0.119172 0.003427 
AT 8 m SPACING 
OBSERVATION 1 
5.867 5.637 0.007550 0.007673 0.007254 1.016253 0.960773 
5.867 5.195 0.007411 0.007048 0.006563 0.951021 0.885509 
5.867 4.795 0.007307 0.006288 0.005972 0.860594 0.817323 
5.867 4.438 0.007188 0.005633 0.005437 0.783630 0.756374 
5.867 4.118 0.007048 0.005027 0.004947 0.713169 0.701875 
5.867 3.832 0.006936 0.004512 0.004530 0.650477 0.653106 
5.867 3.574 0.006844 0.004073 0.004170 0.595109 0.609216 
5.867 3341 0.006759 0.003709 0.003849 0.548784 0.569427 
5.867 3.127 0.006625 0.003410 0.003531 0.514710 0.533029 
5.867 2.930 0.006532 0.003162 0.003262 0.483991 0.499432 
5.867 2.747 0.006568 0.002956 0.003075 0.450144 0.468151 
5.867 2.574 0.006610 0.002782 0.002901 0.420818 0.438816 
5.867 2.412 0.006780 0.002629 0.002788 0.387694 0411155 
5.867 2.259 0.007055 0.002489 0.002716 0.352781 0384992 
5.867 2.113 0.007125 0.002356 0.002566 0.330674 0360223 
5.867 1.976 0.007118 0.002222 0.002397 0.312237 0336814 
5.867 1.847 0.007216 0.002087 0.002271 0.289280 0314781 
5.867 1.725 0.007167 0.001949 0.002108 0.271950 0.294144 
5.867 1.613 0.006985 0.001809 0.001920 0.258985 0.274930 
5.867 1.508 0.006858 0.001671 0.001763 0.243598 0.257140 
5.867 1.412 0.006766 0.001541 0.001629 0.227731 0.240721 
5.867 1.323 0.006717 0.001422 0.001515 0.211727 0.225574 
5.867 1.241 0.006696 0.001319 0.001417 0.196936 0.211560 
5.867 1.164 0.006667 0.001231 0.001324 0.184654 0.198524 
5.867 1.093 0.006781 0.001158 0.001263 0.170802 0.186310 
5.867 1.025 0.007020 0.001096 0.001227 0.156173 0.174782 
5.867 0.961 0.007230 0.001040 0.001185 0.143862 0.163860 
5.867 0.900 0.007418 0.000986 0.001139 0.132948 0.153500 
5.867 0.843 0.007584 0.000931 0.001090 0.122725 0.143699 
5.867 0.789 0.007729 0.000873 0.001039 0.112892 0.134478 
5.867 0.738 0.007853 0.000814 0.000988 0.103634 0.125858 
5.867 0.691 0.007969 0.000759 0.000939 0.095193 0.117817 
190 
5.867 0.647 0.008099 0.000710 0.000893 0.087701 0.110307 
5.867 0.605 0.008201 0.000674 0.000847 0.082237 0.103229 
5.867 0.565 0.008262 0.000652 0.000797 0.078918 0.096447 
5.867 0.527 0.008303 0.000643 0.000746 0.077488 0.089824 
5.867 0.488 0.008215 0.000645 0.000684 0.078536 0.083234 
5.867 0.449 0.007908 0.000652 0.000606 0.082455 0.076603 
5.867 0.410 0.007557 0.000658 0.000528 0.087061 0.069905 
5.867 0.370 0.007321 0.000657 0.000463 0.089798 0.063180 
5.867 0.331 0.007153 0.000645 0.000404 0.090231 0.056520 
5.867 0.293 0.007069 0.000621 0.000354 0.087852 0.050045 
5.867 0.257 0.007139 0.000584 0.000313 0.081827 0.043882 
5.867 0.223 0.007334 0.000538 0.000280 0.073301 -0.038148 
5.867 0.193 0.007550 0.000486 0.000249 0.064338 0.032916 
5.867 0.165 0.007736 0.000433 0.000218 0.055918 0.028220 
5.867 0.141 0.007915 0.000382 0.000190 0.048326 0.024054 
5.867 0.119 0.008058 0.000338 0.000164 0.041973 0.020369 
5.867 0.100 0.008079 0.000302 0.000138 0.037397 0.017095 
5.867 0.083 0.007997 0.000275 0.000113 0.034346 0.014146 
5.867 0.067 0.007915 0.000256 0.000090 0.032292 0.011434 
5.867 0.052 0.007867 0.000245 0.000070 0.031164 0.008875 
5.867 0.037 0.007709 0.000242 0.000049 0.031439 0.006381 
5.867 0.022 0.007550 0.000247 0.000029 0.032673 0.003882 
5.867 0.007 0.007529 0.000256 0.000010 0.034046 0.001311 
OBSERV 
4.684 4.597 0.002876 0.002899 0.002822 1.008262 0.981429 
4.684 4.433 0.002828 0.002549 0.002677 0.901091 0.946538 
4.684 4.285 0.002769 0.002390 0.002534 0.863080 0.914905 
4.684 4.146 0.002734 0.002257 0.002420 0.825357 0.885 145 
4.684 4.014 0.002793 0.002139 0.002393 0.765799 0.856997 
4.684 3.889 0.002899 0.002033 0.002407 0.701195 0.830279 
4.684 3.770 0.002911 0.001933 0.002343 0.664020 0.804884 
4.684 3.657 0.002816 0.001838 0.002199 0.652489 0.780736 
4.684 3.549 0.002675 0.001749 0.002027 0.653890 0.757764 
4.684 3.446 0.002544 0.001673 0.001872 0.657593 0.735848 
4.684 3.348 0.002449 0.001618 0.001751 0.660523 0.714772 
4.684 3.252 0.002426 0.001586 0.001684 0.653780 0.694253 
4.684 3.162 0.002414 0.001415 0.001629 0.586105 0.675034 
4.684 3.076 0.002343 0.001429 0.001539 0.610011 0.656821 
4.684 2.990 0.002295 0.001460 0.001465 0.636274 0.638319 
4.684 2.901 0.002295 0.001497 0.001421 0.652237 0.619380 
4.684 2.815 0.002224 0.001361 0.001337 0.611992 0.601076 
4.684 2.738 0.002176 0.001212 0.001272 0.556771 0.584603 
4.684 2.665 0.002200 0.001206 0.001252 0.548071 0.569120 
4.684 2.594 0.002152 0.001175 0.001192 0.545917 0.553875 
4.684 2.525 0.002116 0.001121 0.001141 0.529668 0539171 
4.684 2.460 0.002176 0.001046 0.001143 0.480824 0.525291 
4.684 2.395 0.002247 0.001125 0.001149 0.500507 0511385 
4.684 2.325 0.002295 0.001202 0.001139 0.523804 0.496482 
4.684 2.261 0.002295 0.000953 0.001108 0.415091 0.482683 
4.684 2.200 0.002247 0.001049 0.001056 0.466764 0.469862 
4.684 2.139 0.002271 0.001000 0.001037 0.440388 0.456737 
4.684 2.080 0.002449 0.000968 0.001088 0.395390 0.444131 
4.684 2.022 0.002651 0.000951 0.001145 0.358743 0.431837 
4.684 1.971 0.002722 0.000774 0.001145 0.284444 0.420791 
4.684 1.924 0.002745 0.000762 0.001128 0.277639 0.410950 
4.684 1.874 0.002816 0.000910 0.001127 0.323124 0.400243 
4.684 1.821 0.002922 0.000882 0.001136 0.301725 0388767 
4.684 1.769 0.002993 0.000847 0.001130 0.283125 0.377695 
4.684 1.719 0.002969 0.000815 0.001090 0.274574 0367046 
4.684 1.670 0.002946 0.000800 0.001051 0.271414 0356704 
4.684 1.622 0.002993 0.000808 0.001037 0.270031 0346407 
4.684 1.572 0.003052 0.000853 0.001025 0.279495 0335768 
4.684 1.524 0.003064 0.000762 0.000997 0.248704 0325425 
4.684 1.475 0.003064 0.000865 0.000965 0.282243 0315008 
191 
4.684 1.425 0.003052 0.000808 0.000929 0.264913 0304291 
4.684 1.373 0.002993 0.000911 0.000878 0.304534 0.293277 
4.684 1.321 0.002946 0.000823 0.000831 0.279440 0.282166 
4.684 1.271 0.002911 0.000863 0.000790 0.296379 0.271371 
4.684 1.219 0.002852 0.000861 0.000742 0.302063 0.260328 
4.684 1.169 0.002781 0.000816 0.000694 0.293567 0.249585 
4.684 1.122 0.002804 0.000736 0.000672 0.262534 0.239640 
4.684 1.076 0.002899 0.000795 0.000666 0.274429 0.229831 
4.684 1.027 0.002922 0.000835 0.000641 0.285873 0.219385 
4.684 0.976 0.002934 0.000860 0.000612 0.293214 0.208524 
4.684 0.924 0.003017 0.000873 0.000596 0.289254 0.197426 
4.684 0.872 0.003087 0.000871 0.000575 0.281978 0.186263 
4.684 0.825 0.003111 0.000687 0.000548 0.220734 0.176291 
4.684 0.785 0.003146 0.000652 0.000528 0.207345 0.167714 
4.684 0.748 0.003216 0.000601 0.000514 0.186831 0.159688 
4.684 0.711 0.003017 0.000631 0.000458 0.209161 0.151798 
4.684 0.669 0.002816 0.000744 0.000403 0.264062 0.142997 
4.684 0.626 0.002922 0.000715 0.000391 0.244635 0.133654 
4.684 0.584 0.002993 0.000681 0.000373 0.227383 0.124719 
4.684 0.544 0.002969 0.000649 0.000345 0.218478 0.116204 
4.684 0.505 0.002946 0.000633 0.000318 0.214870 0.107995 
4.684 0.467 0.002993 0.000641 0.000299 0.214292 0.099835 
4.684 0.432 0.003052 0.000520 0.000282 0.170330 0.092398 
4.684 0.404 0.002993 0.000410 0.000259 0.137139 0.086440 
4.684 0.376 0.002934 0.000527 0.000236 0.179673 0.080434 
4.684 0344 0.003017 0.000539 0.000222 0.178645 0.073606 
4.684 0315 0.002922 0.000441 0.000197 0.151076 0.067329 
4.684 0.289 0.002816 0.000410 0.000174 0.145668 0.061873 
4.684 0.266 0.002922 0.000382 0.000166 0.130629 0.056801 
4.684 0.244 0.002993 0.000347 0.000156 0.115986 0.052133 
4.684 0.224 0.002969 0.000315 0.000142 0.106198 0.047891 
4.684 0.205 0.002946 0.000300 0.000129 0.101694 0.043953 
4.684 0.187 0.002993 0.000308 0.000120 0.102982 0.040060 
4.684 0.172 0.003052 0.000186 0.000113 0.061082 0.036891 
4.684 0.164 0.003064 0.000095 0.000107 0.031046 0.035090 
4.684 0.155 0.003064 0.000198 0.000102 0.064584 0.033213 
4.684 0.145 0.003052 0.000142 0.000095 0.046583 0.03 1034 
4.684 0.133 0.002993 0.000245 0.000085 0.081742 0.028558 
4.684 0.121 0.002946 0.000157 0.000077 0.053177 0.025988 
4.684 0.111 0.002911 0.000196 0.000069 0.067280 0.023731 
4.684 0.099 0.002852 0.000195 0.000061 0.068314 0.021229 
4.684 0.089 0.002781 0.000150 0.000053 0.053775 0.019024 
4.684 0.082 0.002804 0.000070 0.000049 0.024848 0.017620 
4.684 0.076 0.002899 0.000129 0.000047 0.044393 0.016349 
4.684 0.067 0.002922 0.000169 0.000042 0.057784 0.014444 
4.684 0.056 0.002934 0.000194 0.000036 0.066045 0.012121 
4.684 0.044 0.003017 0.000206 0.000029 0.068204 0.009561 
4.684 0.032 0.003087 0.000204 0.000021 0.065984 0.006938 
4.684 0.020 0.003111 0.000187 0.000014 0.060089 0.004437 
4.684 0.010 0.003146 0.000152 0.000007 0.048340 0.002267 
4.684 0.003 0.003216 0.000101 0.000002 0.031389 0.000645 
BSERVATJON 
4.308 4.055 0.008789 0.008445 0.008272 0.960900 0.941203 
4.308 3.577 0.008737 0.007500 0.007254 0.858367 0.830191 
4.308 3.147 0.008648 0.006833 0.006316 0.790197 0.730401 
4.308 2.767 0.008686 0.005816 0.005579 0.669561 0.642333 
4308 2.442 0.008737 0.005017 0.004953 0.574151 0.566917 
4.308 2.167 0.008622 0.004167 0.004337 0.483348 0.502975 
4.308 1.941 0.008494 0.003349 0.003828 0.394237 0.450647 
4.308 1.768 0.008365 0.002441 0.003433 0.291792 0.410342 
4308 1.645 0.008224 0.001639 0.003141 0.199305 0381934 
4308 1.550 0.008327 0.001527 0.002997 0.183401 0359891 
4.308 1.462 0.008455 0.001414 0.002870 0.167229 0339416 
4.308 1.387 0.008430 0.001096 0.002714 0.129969 0321944 
192 
4.308 1.282 0.008391 0.002381 0.002498 
4.308 1.178 0.008327 0.001094 0.002278 
4.308 1.108 0.008172 0.001241 0.002102 
4.308 1.036 0.008030 0.001172 0.001931 
4.308 0.968 0.008030 0.001073 0.001806 
4.308 0.902 0.007991 0.001132 0.001674 
4.308 0.842 0.007914 0.000862 0.001548 
4.308 0.783 0.007836 0.001104 0.001425 
4.308 0.720 0.007693 0.001024 0.001286 
4.308 0.660 0.007681 0.000947 0.001178 
4.308 0.601 0.007901 0.001028 0.001103 
4.308 0.542 0.008198 0.000937 0.001032 
4.308 0.484 0.008430 0.000993 0.000948 
4.308 0.428 0.008134 0.000875 0.000809 
4.308 0376 0.007901 0.000862 0.000691 
4.308 0.327 0.008198 0.000770 0.000623 
4.308 0.279 0.008430 0.000827 0.000547 
4.308 0.228 0.008558 0.000873 0.000454 
4.308 0.175 0.008584 0.000915 0.000349 
4.308 0.123 0.008699 0.000798 0.000250 
4.308 0.073 0.009223 0.000865 0.000158 























Table 2. The relationship between C and  in each spacing treatment at each observation period. 
AT 2 m SPACING 
OBSERVATION 1 
S 	E, 	C 	D 	C-S 
kg kg min-1 	kg kg mind 	kg 
1 3.1239 0.0741320 11.4915 0.750621 836760 
2 3.1239 0.0726440 10.7701 0.648730 7.64623 
3 3.1239 0.0716870 10.0764 0.621993 6.95255 
4 3.1239 0.0708340 9.4576 0.548062 633365 
5 3.1239 0.0697670 8.9044 0.483334 5.78055 
6 3.1239 0.0686970 8.4226 0.413191 5.29866 
7 3.1239 0.0681610 8.0052 0.349182 4.88132 
8 3.1239 0.0700860 7.6459 0.289258 4.52197 
9 3.1239 0.0744490 73353 0.236083 4.21144 
10 3.1239 0.0781470 7.0648 0.192406 3.94089 
11 3.1239 0.0808820 6.8260 0.157949 3.70206 
12 3.1239 0.0833940 6.6122 0.130412 3.48825 
13 3.1239 0.0844390 6.4182 0.109531 3.29428 
14 3.1239 0.0848550 6.2402 0.093139 3.11629 
15 3.1239 0.0858950 6.0754 0.078884 2.95151 
16 3.1239 0.0864150 5.9220 0.067027 2.79807 
17 3.1239 0.0859990 5.7784 0.057555 2.6545 1 
18 3.1239 0.0837080 5.6435 0.051195 2.51961 
19 3.1239 0.0811970 5.5161 0.046168 239224 
20 3.1239 0.0795190 53952 0.041376 2.27135 
21 3.1239 0.0773070 5.2798 0.038126 2.15592 
22 3.1239 0.0750880 5.1689 0.035813 2.04501 
23 3.1239 0.0732860 5.0618 0.033785 1.93794 
24 3.1239 0.0719030 4.9581 0.031888 1.83415 
25 3.1239 0.0705170 4.8573 0.030283 1.73335 
26 3.1239 0.0689130 4.7594 0.028942 1.63550 
27 3.1239 0.0673060 4.6646 0.027466 154073 
28 3.1239 0.0661240 4.5731 0.025398 1.44920 
29 3.1239 0.0651540 4.4850 0.022920 136113 
30 3.1239 0.0643980 4.4006 0.020044 1.27669 
31 3.1239 0.0647210 4.3198 0.016075 1.19589 
32 3.1239 0.0663360 4.2424 0.011011 1.11855 
193 
33 3.1239 0.0683740 4.1681 0.005936 1.04424 
34 3.1239 0.0688030 4.0963 0.003020 0.97241 
35 3.1239 0.0669820 4.0262 0.003132 0.90230 
36 3.1239 0.0647260 3.9569 0.004549 0.83302 
37 3.1239 0.0636470 3.8877 0.005582 0.76379 
38 3.1239 0.0634310 3.8176 0.006637 0.69373 
39 3.1239 0.0650480 3.7460 0.006607 0.62207 
40 3.1239 0.0690190 3.6721 0.004834 0.54822 
41 3.1239 0.0734940 3.5956 0.003029 0.47170 
42 3.1239 0.0769880 3.5162 0.002449 039226 
43 3.1239 0.0800440 3.4336 0.002476 030974 
44 3.1239 0.0843340 33482 0.001146 0.22426 
45 3.1239 0.0877650 3.2600 0.000370 0.13612 
46 3.1239 0.0869350 3.1696 0.003458 0.04573 
1 2.5044 0.0588270 11.6833 0.843623 9.17886 
2 2.5044 0.0613120 10.8853 0.736677 838087 
3 2.5044 0.0641910 10.1218 0.699313 7.61736 
4 2.5044 0.0656910 9.4399 0.616179 6.93550 
5 2.5044 0.0665750 8.8324 0.540908 632801 
6 2.5044 0.0669140 83053 0.460232 5.80087 
7 2.5044 0.0657590 7.8521 0387427 534768 
8 2.5044 0.0650100 7.4661 0320931 4.96174 
9 2.5044 0.0649410 7.1378 0.263443 4.63336 
10 2.5044 0.0636440 6.8571 0.216980 435273 
11 2.5044 0.0613800 6.6149 0.180853 4.11050 
12 2.5044 0.0589660 6.4029 0.152994 3.89854 
13 2.5044 0.0570220 6.2144 0.131470 3.71005 
14 2.5044 0.0566740 6.0439 0.113889 3.53948 
15 2.5044 0.0571610 5.8871 0.099669 338265 
16 2.5044 0.0566050 5.7406 0.089818 3.23623 
17 2.5044 0.0571620 5.6021 0.081403 3.09767 
18 2.5044 0.0596570 5.4693 0.073064 2.96494 
19 2.5044 0.0615190 5.3409 0.066899 2.83653 
20 2.5044 0.0633720 5.2156 0.061918 2.71124 
21 2.5044 0.0658260 5.0927 0.057144 2.58827 
22 2.5044 0.0669130 4.9715 0.054242 2.46711 
23 2.5044 0.0654190 4.8520 0.054103 234759 
24 2.5044 0.0639 180 4.7341 0.054002 2.22967 
25 2.5044 0.0638500 4.6180 0.052269 2.11355 
26 2.5044 0.0634400 4.5039 0.050589 1.99952 
27 2.5044 0.0620000 43922 0.049680 1.88784 
28 2.5044 0.0609670 4.2832 0.048042 1.77883 
29 2.5044 0.0608990 4.1770 0.045348 1.67259 
30 2.5044 0.0607610 4.0736 0.042647 1.56918 
31 2.5044 0.0599330 3.9730 0.040638 1.46861 
32 2.5044 0.0588270 3.8752 0.039028 137075 
33 2.5044 0.0583410 3.7799 0.036889 1.27552 
34 2.5044 0.0578550 3.6872 0.034888 1.18278 
35 2.5044 0.0573000 3.5968 0.033108 1.09237 
36 2.5044 0.0576470 3.5087 0.030442 1.00428 
37 2.5044 0.0592420 3.4230 0.026436 0.91860 
38 2.5044 0.0600020 33399 0.023143 0.83546 
39 2.5044 0.0595880 3.2593 0.020933 0.75494 
40 2.5044 0.0591720 3.1816 0.018602 0.67716 
41 2.5044 0.0589650 3.1066 0.015971 0.60223 
42 2.5044 0.0595 190 3.0346 0.012472 0.53024 
43 2.5044 0.0599330 2.9655 0.009235 0.46107 
44 2.5044 0.0596570 2.8989 0.006901 039451 
45 2.5044 0.0591730 2.8347 0.005082 033026 
46 2.5044 0.0593810 2.7723 0.002967 0.26791 
47 2.5044 0.0600030 2.7114 0.000910 0.20700 
194 
OBSERVATION 3 
1 2.8618 0.0694570 10.7334 0.957108 7.87163 
2 2.8618 0.0681540 10.2006 0.464694 7.33876 
3 2.8618 0.0674620 9.5187 0.614377 6.65692 
4 2.8618 0.0670000 8.9521 0.499574 6.09035 
5 2.8618 0.0660770 8.4158 0.470300 5.55397 
6 2.8618 0.0649170 7.9501 0.400735 5.08832 
7 2.8618 0.0639110 7.5418 0.344429 4.67998 
8 2.8618 0.0629800 7.1922 0.286629 433037 
9 2.8618 0.0627470 6.8930 0.236432 4.03119 
10 2.8618 0.0634440 6.6374 0:192140 3.77561 
11 2.8618 0.0639870 6.4172 0.156228 3.55539 
12 2.8618 0.0635210 6.2250 0.128664 336321 
13 2.8618 0.0629000 6.0544 0.107739 3.19257 
14 2.8618 0.0627440 5.8999 0.091675 3.03815 
15 2.8618 0.0629780 5.7575 0.079432 2.89574 
16 2.8618 0.0639080 5.6239 0.069713 2.76212 
17 2.8618 0.0655350 5.4966 0.061754 2.63483 
18 2.8618 0.0672320 53739 0.055510 2.51209 
19 2.8618 0.0686140 5.2543 0.050923 239255 
20 2.8618 0.0697630 5.1371 0.047531 2.27525 
21 2.8618 0.0699930 5.0214 0.045623 2.15964 
22 2.8618 0.0690750 4.9072 0.045213 2.04535 
23 2.8618 0.0688450 4.7941 0.044192 1.93231 
24 2.8618 0.0695350 4.6825 0.042114 1.82066 
25 2.8618 0.0699170 4.5725 0.040038 1.71071 
26 2.8618 0.0694570 4.4646 0.038499 1.60275 
27 2.8618 0.0681540 43590 0.037437 1.49716 
28 2.8618 0.0665380 4.2561 0.036352 139427 
29 2.8618 0.0652260 4.1560 0.034811 1.29424 
30 2.8618 0.0642200 4.0588 0.032978 1.19704 
31 2.8618 0.0634450 3.9645 0.030915 1.10268 
32 2.8618 0.0630560 3.8728 0.028665 1.01096 
33 2.8618 0.0635210 3.7834 0.025788 0.92165 
34 2.8618 0.0646070 3.6963 0.022506 0.83453 
35 2.8618 0.0662300 3.6112 0.018914 0.74939 
36 2.8618 0.0680770 3.5279 0.015251 0.66606 
37 2.8618 0.0695340 3.4483 0.010072 0.58646 
38 2.8618 0.0711380 33649 0.012236 0.50308 
39 2.8618 0.0721270 3.2774 0.015382 0.41557 
40 2.8618 0.0739490 3.1943 0.009150 033247 
41 2.8618 0.0765150 3.1147 0.003075 0.25288 
AT 4 m SPACING 
OBSERVATION 1 
1 4.09 0.171749 11.6070 0.78425 7.51699 
2 4.09 0.168529 10.7835 0.65497 6.69349 
3 4.09 0.166913 10.0000 0.61659 5.90998 
4 4.09 0.168526 93010 0.53046 5.21099 
5 4.09 0.171542 8.6730 0.45646 4.58299 
6 4.09 0.172750 8.1185 038174 4.02850 
7 4.09 0.172748 7.6290 031675 3.53900 
8 4.09 0.171747 7.1975 0.25976 3.10750 
9 4.09 0.169937 6.8155 0.21207 2.72549 
10 4.09 0.167921 6.4755 0.17207 238549 
11 4.09 0.165501 6.1710 0.13900 2.08099 
12 4.09 0.163278 5.8965 0.11123 1.80648 
13 4.09 0.161860 5.6465 0.08814 1.55648 
14 4.09 0.160443 5.4165 0.06955 132649 
15 4.09 0.160239 5.2030 0.05326 1.11299 
16 4.09 0.161252 5.0031 0.03864 0.91310 
17 4.09 0.162468 4.8147 0.02598 0.72465 
18 4.09 0.163682 4.6364 0.01457 0.54640 
195 
19 	4.09 	0.163683 	4.4678 	0.00493 	037779 
OBSERVATION 2 
1 3.98 0.132637 143494 0.92086 10.3694 
2 3.98 0.131278 13.4024 0.81571 9.4224 
3 3.98 0.129239 12.5044 0.76877 8.5244 
4 3.98 0.126972 11.6864 0.69102 7.7064 
5 3.98 0.127656 10.9389 0.61984 6.9589 
6 3.98 0.131964 10.2619 0.54504 6.2819 
7 3.98 0.137160 9.6484 0.47633 5.6684 
8 3.98 0.141659 9.0929 0.41385 5.1129 
9 3.98 0.145697 8.5899 0.35729 4.6099 
10 3.98 0.150615 8.1344 0.30489 4.1544 
11 3.98 0.153065 7.7214 0.25993 3.7414 
12 3.98 0.150836 73479 0.22267 33679 
13 3.98 0.148605 7.0109 0.18840 3.0309 
14 3.98 0.147938 6.7054 0.15756 2.7254 
15 3.98 0.148160 6.4279 0.12934 2.4479 
16 3.98 0.150615 6.1744 0.10289 2.1944 
17 3.98 0.153065 5.9409 0.08043 1.9609 
18 3.98 0.155291 5.7244 0.06122 1.7444 
19 3.98 0.157069 5.5209 0.04642 1.5409 
20 3.98 0.155294 53274 0.03820 13474 
21 3.98 0.153961 5.1430 0.03044 1.1630 
22 3.98 0.154626 4.9664 0.02198 0.9864 
23 3.98 0.153957 4.7962 0.01619 0.8162 
24 3.98 0.15 1951 4.6326 0.01165 0.6526 
25 3.98 0.149942 4.4756 0.00706 0.4956 
26 3.98 0.148598 43254 0.00166 0.3454 
OBSERVATION 3 
1 3.57 0.231984 13.2750 1.17452 9.7050 
2 3.57 0.230281 12.0335 1.01122 8.4635 
3 3.57 0.229305 10.8305 0.97368 7.2605 
4 3.57 0.230281 9.7455 0.85473 6.1755 
5 3.57 0.232227 8.7665 0.74678 5.1965 
6 3.57 0.232956 7.9065 0.62704 43365 
7 3.57 0.231014 7.1605 0.51497 3.5905 
8 3.57 0.224913 6.5230 0.41258 2.9530 
9 3.57 0.217802 5.9820 032320 2.4120 
10 3.57 0.215095 5.5250 0.24191 1.9550 
11 3.57 0.213864 5.1385 0.17264 1.5685 
12 3.57 0.216084 4.8090 0.11343 1.2390 
13 3.57 0.218540 4.5245 0.06596 0.9545 
14 3.57 0.213124 4.2740 0.03736 0.7040 
15 3.57 0.205206 4.0495 0.01930 0.4795 
16 3.57 0.201233 3.8455 0.00276 0.2755 
AT 6 m SPACING 
OBSERVATION! 
1 6.7 0380022 12.8330 0.61 1982 6.13299 
2 6.7 0383171 11.9700 0.479820 5.27000 
3 6.7 0386320 11.1465 0.437181 4.44650 
4 6.7 0385421 10.4060 0355088 3.70599 
5 6.7 0382269 9.7350 0.288721 3.03500 
6 6.7 0377764 9.1345 0.222731 2.43451 
7 6.7 0371441 8.5955 0.167561 1.89550 
8 6.7 0365103 8.1100 0.120401 1.41000 
9 6.7 0358749 7.6685 0.082749 0.96850 
10 6.7 0353290 7.2635 0.05 1709 0.56350 
11 6.7 0.349187 6.8870 0.027323 0.18699 
196 
OBSERVATION 2 
1 6.35 0.296744 12.4570 0.636758 6.10700 
2 6.35 0.295026 11.5575 0.604480 5.20749 
3 6.35 0.2933 14 10.7435 0.520682 439350 
4 6.35 0.292028 10.0070 0.444468 3.65700 
5 6.35 0.290743 93540 0362257 3.00400 
6 6.35 0.289882 8.7785 0.285619 2.42850 
7 6.35 0.289875 8.2740 0.214627 1.92400 
8 6.35 0.289864 7.8305 0.153633 1.48050 
9 6.35 0.288572 7.4395 0.102435 1.08950 
10 6.35 0.286416 7.0910 0.062079 0.74100 
11 6.35 0.285553 6.7770 0.028442 0.42701 
12 6.35 0.284695 6.4915 0.000813 0.14150 
OBSERVATION 3 
1 6.11 0373757 14.6060 0.886741 8.49600 
2 6.11 0362590 13.5075 0.735906 739751 
3 6.11 0354989 12.4310 0.7215 19 632100 
4 6.11 0353902 11.4540 0.623088 534401 
5 6.11 0.354261 10.5625 0.537249 4.45250 
6 6.11 0357518 9.7690 0.435985 3.65900 
7 6.11 0359335 9.0670 0342661 2.95700 
8 6.11 0361499 8.4510 0.254498 2.34100 
9 6.11 0361857 7.9100 0.179143 1.80000 
10 6.11 0.358965 7.4335 0.117536 132350 
11 6.11 0364025 7.0100 0.059467 0.90001 
12 6.11 0371950 6.6295 0.008558 0.51950 
AT 8 m SPACING 
OBSERVATION 1 
1 	5.87 0.453000 7.64993 0.413957 1.78213 
2 5.87 0.460535 7.14259 0.046820 1.27259 
3 	5.87 0.467979 6.64253 0.032082 0.77253 
4 5.87 0.460964 6.12759 0.053974 0.25759 
OBSERVATION 2 
1 4.68 0.207502 8.25549 0.226153 3.57549 
2 4.68 0.206840 7.84619 0.202461 3.16619 
3 4.68 0.210853 7.45320 0.182137 2.77320 
4 4.68 0.214187 7.08374 0.155274 2.40374 
5 4.68 0.213523 6.73790 0.132318 2.05790 
6 4.68 0.210859 6.41695 0.110094 1.73695 
7 4.68 0.206180 6.12010 0.090665 1.44010 
8 4.68 0.198152 5.84619 0.075758 1.16619 
9 4.68 0.192117 5.59360 0.060477 0.91360 
10 4.68 0.188757 536049 0.044351 0.68049 
11 4.68 0.184717 5.14525 0.030524 0.46525 
12 4.68 0.177994 4.96144 0.005813 0.28144 
13 4.68 0.169240 4.78259 0.003608 0.10259 
1 	4.31 0.594297 103343 0.8 18560 6.02433 
2 4.31 0.590504 9.4855 0.258342 5.17549 
3 	4.31 0.579861 8.4617 0.443943 4.15168 
4 4.31 0.566924 7.5665 0.328279 3.25648 
5 	4.31 0.560062 6.7043 0302090 239433 
6 4.31 0.554721 5.9263 0.223325 1.61628 
7 	4.31 0.541711 5.2225 0.162039 0.91253 
8 4.31 0.530216 4.6005 0.091778 0.29054 
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APPENDIX VI 
LISTING OF GASH MODEL AND WATMOD 
M4e1 1. Gash model. 
PROGRAM GASH 
C 
C 	CALCULATION OF RAINFALL INTERCEPTION ***** 
C 
C 	This program has been adapted from Gash, J.H.C., (1979). An 
C analytical model of rainfall interception by forests: 
C 	Quart. J. R. Met. Soc. 105: 43-55 
C 
C 	Program development by Dirk Versfeld, Jonkershoek FRC 
C 
C 	The Gash model is much less demanding on data than the Rutter model 
C but not intended for accurate analysis of single storms or portions 
C 	of storms. 
C The model is suited to monthly or seasonal determinations of 
C 	interception using average values for rainfall and evaporation rates 
C While values may be applied to short periods or single storms 
C 	the results will not be accurate. The Rutter model is to be preferred 
C where hourly data is available. 
C 
C 	Program GASH has simple keyboard input and screen output for 
C single 
C 	storms, or may optionally be used to read from or write to a data file 
C 
C LIST OF INPUT AND OUTPUT VARIABLES 
C ***** ***** ***** ***** ***** ***** 
C 
C S 	= Canopy storage capacity (mm) 
C P = Free throughfall coefficient 
C PT 	= Proportion of rainfall diverted to stemfiow 
C ST = Trunk storage capacity (mm) 
C 
C RBAR = Mean rainfall rate for storm or storm period, usually 
C derived from hours with rain (mm/hr) 
C EBAR = mean evaporation rate during storm(s) - derived as for 
C RBAR 
C PG 	= Gross rainfall for each storm event (mm) 
C 
C RSC = Rainfall required to saturate the canopy (mm) 
C TSC = Time required for rainfall to saturate the canopy (hrs) 
C 
C TNT 	= Rainfall interception for each storm event (mm) 
C THR = Tbroughfall calculated for each Storm event (mm) 
C SF 	= Stemfiow calculated for each storm event (mm) 
C 
C ***** ***** ***** ***** ***** ***** ***** ***** ***** ***** ***** 
C 
DIMENSION PG( 1 000),THR( 1000),SF( 1000), 
* THRPCT( 1 000),SFPCT( 1000) 
im 
REAL INT(1000),INTSUM,INTPCT( 1000),ISPCT 
CHARACTER YN 









1 FORMAT(1H1,/,' ***** CANOPY PARAMETERS  
** ** * * * * * 
** * * * * * * 
C 
WRITE(6,2) S,P,PT,ST 
2 FORMAT(' Canopy storage capacity, S =',F4.2,/, 
# 'Free throughfall coeff., P = ',F4.3J, 
# 'Rain diverted to stemfiow, PT = ',F4.3J, 
# 'Trunk storage capacity, ST = ',F4.3,/,' 	"",/) 
C 




IF (YN.EQ.'E') THEN 
GOTO 999 
ELSEIF (YN.EQ.P') THEN 
PRINT *, 







C 	Select data input from terminal for single storms or data read from file 
C 
PRINT 
PRINT *,'Type T for input from terminal, F for file input' 
PRINT 
READ 15,YN 
IF (YN.EQ.'F) THEN 












PRINT *,'Input RAIN, RBAR, EBAR' 
PRINT *, 
READ (5,*)  PG(I),RBAR,EBAR 
PRINT , 
ENDIF 




C CALCULATE THE RAIN NECESSARY TO SATURATE THE CANOPY 
C 
C 
C RSC = 
C 
X = S/EBAR 
Y = 1(EBAR/RBAR)*(1PPT)**(1) 




C 	999 indicates insufficient rain to saturate the canopy 
C even over an unlimited time period 
ELSE 
C 
Z = ALOG(Y) 





C CACULATE RAINFALL INTERCEPTION FOR EACH STORM 
C 
C 
DO 20 I=1,N 
C 
A = (1PPT)*RSC 
B = (EBAR/RBAR)*(PG(I)RSC) 
C = (1PPT)*PG(I) 
D=ST 
E=PT*PG(I) 
If rainfall insufficient to saturate canopy or fill trunk store 
IF (PG(I).LT.RSC.AND.PO(I).LT.ST/PT) THEN 
INT(I) = C + E 
SF(I) =0 
THR(I) = PG(I)-IINT(I) 
If rainfall sufficient to saturate the canopy but not fill the 
trunk store 










THR(I) = PG(I)-INT(I) 
C 
C If rainfall sufficient to saturate the canopy and fill the trunk store 
ELSEIF (PG(1).GT.RSC.AND.PG(I).GT.ST/PT) THEN 
INT(I)=A+B +D 
SF(I) = PT*PG(I)D 
THR(I) = PG(I)-INT(I)-SF(I) 
C 
C If rainfall insufficient to saturate the canopy but still fills 
C the trunk store 
ELSEIF (PG(I).LT.RSC.AND.PG(I).GT.ST/PT) THEN 
INT(I) = C + D 
SF(I) = PT*PG(I)D 
THR(I) = PG(I)-INT(I)-SF(I) 
ENDIF 












PRINT *,' Another run, Y or N ???' 
PRINT*, 
READ 15,YN 

















SUBROUTINE FILEPUT (N,EBAR,RBAR,PG) 
C 
C Subroutine opens the input and output data files and reads the 
C input data file 
DIMENSION PG(N) 
CHARACTER* 10 INNAME,OUTNAME 
C 
PRINT*, 
C Open the input data file and read RBAR, EBAR 
C 
PRINT *, 'Enter the name of the input data file' 
PRINT*, 
READ (5,10) INNAME 
10 FORMAT(A10) 
OPEN(UN1T= 1 ,FILE=INNAME,STATUS='OLD') 
READ( 1 ,*) RBAR,EBAR 
READ(1,*,END=333) (PG(I),I=1,N) 
C 
N = I-i 
WR1TE(6, 16)N 
16 	FORMAT(j,' The data file has been read 
# 'There are ',13,' storm events') 
C 
C Open the output data file 
C 
WR1TE(6,20) 








C 	it 11111111 	II II II ii II 	111! II ii Ii 	II II II It II 	1(1111111! 	11111111ff 	II II ii 1111 
C 
SUBROUTINE SCRNFILE (N,I,S,P,PT,ST,RBAR, 
# EBAR,RSC,TSC,PG, 
# THR,SF,INT,THRPCT,SFPCT,INTPCT,TSPCT, 

































C Format statements 
300 FORMAT(1H1,/,' S P PT ST 	N RBAR 
# EBAR RSC TSC') 
C 
350 FORMAT(2F8.2,2F8 .3,5X,14,4X,F5.2,F9.2,2X,2F8.2) 
C 
400 FORMAT(1H0,' N PG THR SF INT THRPCT 
# SFPCT INTPCT'j) 
C 
450 FORMAT(16,F6.2,3F10.2,3X,F10.2,2F10.2) 






C 	1111111111 	1111111111 	1111111111 	11 ii ii II II 	111111111! 	11111111ff 	1111111111 
C 




C Subroutine calculates totals and percentages for variables 
C 
DIMENSION PG(1000),THR(1000),SF(1000), 
# THRPCr(1000),SFPCT( 1000) 
REAL INT(1000),INTSUM,INTPcT( 1000),ISPCT 
PGSUM = PGSUM+PG(I) 
THRSUM = THRSUM+THR(I) 
SFSUM = SFSUM-i-SF(I) 




C Calculate Throughfall, Stemfiow, and Interception percentages 
C for each storm 
C 
THRPCT(I) = 1'}(J)*100/PG(I) 
SFPCT(I) = SF(I)*100IPG(I) 
INTPCT(I) = INT(I)*100/PG(I) 
C 
C Calculate Running percentages for THRFALL, SFLOW, and INT 
C 
TSPCT = THRSUM*100/PGSUM 
SSPcT = SFSUM*100JPGSUM 

















C 	II II It II I! 	11111111ff 	It it It It It 	Ii II It 11ff 	/1 (1 /1 ii ii 	11111111ff 	111111/I/I 
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Model 2. Modified Watmod 
PROGRAM WATMOD 
c************************************************************* 
C This program simulates evaporation from a forest canopy from hourly 
C meteorological records of dry- and wet-bulb temperature, windspeed and 
C rainfall. It is a modification of Watmod which was adapted from Rutter model 
C by David Whitehead 1983, Forest Research Institute, Newzealand 
C 
C Modified by Zewge Teklehaimanot 1989, University of Edinburgh 
C Input instructions 
C 
C Hourly meteorological data in the ifie ZDAT87R as follows: 
C 	strom number 
C day 
C 	hour 
C dry-buld temperature 'C 
C 	wet-bulb temperature 'C 
C windspeed 	rn/s 
C 	rainfall mm 
C At the end of each storm use -99.0 
C For missing data use -999.9 
C 
C Parameters given in the program have been obtained from Picea sitchensis 
C stand at Cloich. At age 14 years there were 3000 stems/ha 
C basal area was 57 m2/ha, tree height was 10 m and leaf area 
C index (projected) was estimated to be 12.5 in the 2 m spacing treatment plot 
C In the 4 m, 6 m, and 8 in spacing treatments, there were 625,277 and 156 
C stems/ha, respectively. 
C************************************************************** 
C Statement functions 
C XGAMMA - a function to calculate psychrometric constant 	kPaJC 
C XLAM 	- a function to calculate the latent heat of 
C 	 vapourisation of water 	 J/kg 
C XRHO 	- a function to calculate the density of air 	kg/m3 
C XSLOPE - a function to calculate the slope of the relationship 
C 	 between saturated vapour pressure and temperature kPa/C 
C XSVP 	- a function to calculate the saturated vapour pressure kPa 
C XUH - a function to calculate the windspeed at 2 m above 
C 	 canopy from the windspeed over grassland. Zero 
C plane displacement and roughness length are fixed at 




C SPLIT 	- specific heat of air 	 J/kg/C 
C PRS - atmospheric pressure kPa 
C TRHT 	- average tree height 	 m 
C ANEHT - anemometer height m 
C************************************************************* 
C Parameters for calculations 
C 
C S 	- canopy storage capacity 	 mm 
C ST - trunk storage capacity mm 
SI;1 
C P - 	free throughfall coefficient 
C PT - 	stemfiow coefficient 
C C - 	depth of water on the canopy mm 
C CT - 	depth of water on the stem mm 
C INCR - 	time step for the calculation of evaporation from 
C wet canopy 6 minutes 
C 
C********************************************************31c***** 
C Stand variables 
C NTR - 	number of trees per hectare stems/ha 
C TSP - 	spacing distance between trees m 
C************************************************************** 
C Variables 
C U - 	windspeed over grassland rn/s 
C TD - 	dry-bulb temperature 'C 
C TW - 	wet-bulb temperature 'C 
C DEP - 	wet-bulb depression 'C 
C EA - 	water vapour pressure in the air kPa 
C D - 	vapour pressure deficit kPa 
C RAIN - 	rainfall mm 
C GA - 	boundary layer conductance rn/s 
C El - 	evaporation rate from wet canopy kg/m2/s 
C EM - 	evaporation rate from wet canopy in one 
C increamental time step rnm/x mm 
C E - 	rate of evaporation from stem/rate from canopy 
C EIMIE - EIMI*E mm/x mm 
C THR - 	throughfall mm 
C DRAIN 	- drainage from the canopy when C>S mm 
C STEM - 	stemfiow mm 
C LOSS - 	total evaporation from canopy + stem mm 
C CHECK 	- 	throughfall+sternflow+evaporation-rain should be 
C zero after a storm 














C Statement Functions for calculating equation constants from 
C temperature 
C 
XGAMMA(A) = (0.646+(0.0006*A))/10.0 
XSLOPE(B) = ((6. lO78*EXP((l7.269*(B+O.5))/(237.O+(B+o.5)))) 
# 
	
	(6. 1078*EXP(( l7.269*(BO.5)/(237.O+(B0.5))))))/1o.o 
XRHO(C) = 1.292(0.00428*C) 
XLAM(D) = (2.501(0.0024*D))*l0E5 
XSVP(E) = 6. 1078*EXP(( 17.269*E)/(237.O+E)) 
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XUH(F) = ((LOG((TRHT+2)-7.5))/1.0/ 
# 	(0.81 8+LOG(ANEHT+4.75)))*F 
PRS = 97.0 
C 
10 CONTINUE 
CALL ZER6R(RSUM,TSUM,SSUM,ETSUM,ES SUM,LSUM) 
C 
C**************************************************** 
C JUNIT is the input channel number 
IUNIT = 1 
C 1 is the input channel number for hourly data 
C 3 is the output channel 
C 5 and 6 are the keyboard input and output channel numbers 
OPEN(UNIT=1 ,FILE='ZDAT87R',STATUS='UNXNOWN') 
WRITE(6,666) 






C Setting parameters 
WR1TE(*, '("PLEASE ENTER INCR")') 
READ(*,*) INCR 
FINCR = FLOAT(INCR) 
C =0.0 
CT =0.0 
TRHT = 10.0 




* /12X,'SIMULATION OF EVAPORATION FROM FOREST 
* / CANOPY',12X,'__________________________________ 
C 
C Calculate number of trees per hectare 
C 
WRITE (6,95 17) 
9517 FORMAT ('Enter spacing between trees please(m) 
READ (5,*)  TSP 
WRITE (3,9520)TSP 
9520 FORMAT ('Spacing between trees 	= ', F9.3) 
NTR =(100/TSP)**2 
WRITE (3,9521)NTR 
9521 FORMAT ('Number of trees per hectare 	=', 14) 
C 
C Calculate variables 
C 
S = 0.0801+0.0003375*NTR 
ST = 0.0177+0.0001254*NTR 
P = 34.4192*NTR**(0.7648) 
PT = 0.0043+0.00005476*NTR 
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PART = 1.0-P-PT 
B =0.105 
E = 0.0001223+0.0000398*NTR 
GAFAC = 0.12190.0102*TSP 
WRITE (3,9329) S,ST,P,PT,B,E,GAFAC,INCR 
9329 FORMAT(12X,'_________________________ 
• /12X,'S - CANOPY STORAGE CAPACITY mm =', F8.3 
• /12X,'ST - TREE TRUNK STORAGE CAPACITY mm =', F8.4 
• /12X,'P - FREE THROUGHFALL COEFFECIENT =',F8.3 
• /12X,'PT - FREE TRUNK COEFFECIENT 	=, F8.4 
• /12X,'B - COEFFICIENT FOR DRAINAGE RATE= ',F8.4 
• /12X,'E - FRAC. OF STEWCANOPY EVAP. =', F8.3 
* /12X,'GAFAC - CONVERSION TO GA FROM U 	=', 	F8.3 
* /12X,'INCR - NUMBER OF INCREAMENTS = ',15 




C Storm loop 
C 
19 	WRITE(6,9504) 
9504 FORMAT(' Enter number of storms (NS) ',$) 
READ(5,*) NS 
wRrrE(3,9305) 
9305 FORMAT(12X,' STORM DATA 
* /'NSTORM RAIND THRD STEMD EINTD EINYD LOSSD 
• * CHECKD'/) 
C 
C The loops are set up for calculating hourly and by storm 
C totals for the output variables. 
C 
C Here for the strom loop 
C 
DO33OK= 1,NS 
CALL ZER7R (TDD,TWD,UD,RAIND,DEFD,THRD,STEMD) 
CALL ZER2R (EINTD,EIIsrlTD) 
IHOURT=O 
C 




80 READ (IUNIT,*,END=330) 
ISTORM,IHOURT,(DATAL(M),M= 1,4) 
IF (ISTORM.GT.- 1) THEN 
NSTORM = ISTORM 
END IF 
IF (ISTORM.EQ.-99) GOTO 311 
IHOURT= IHOURT+ 1 
TD =DATAL(1) 
TW = DATAL(2) 
U = DATAL(3) 
RAIN = DATAL(4) 
DEF = TD-TW 
C For missing values use -999.0 
IF (AMIN1(TD,TW,U,RAIN).LE.-999.0) GOTO 300 
YRHO = XRHO(I'D) 
DSVP = XSVP(TD) 
WSVP = XSVP(TW) 
YGAMMA = XGAMMA(TD) 
YLAM = XLAM(TD) 
EA = WSVP0.66*(TDTW) 
D = (DSVP-EA)/10.0 
YUH = XUH(U) 
GA =GAFAC*YUH 
YSLOPE = XSLOPE(TD) 
EPSLON = YSLOPE/YGAMMA 
RAIND = RAIND+RAJN 
CALL SUM4R (TDD,TD,TWD,TW,UD,U,DEFD,D) 
C 
c*********************************************** 
C Simulation begins 
C 
TOPLIN = 0.622*YRHO*D*GA 
C 
C Negative El is not allowed in running balance so dew 
C formation is not accounted for 
C 
IF (TOPLIN.LT.0.0) TOPLIN=0.0 
El = TOPLIN/(PRS*(EPSLON+l)) 




RAINI = RAIN/FINCR 
EM = EIIWFINCR 
C 
C Incremental time step for wet canopy 
C 
DO 240 L = 0,(INCR-1) 
C 




C C is the depth of water on the canopy 
C 
C = C+PART*RAINI 
C 
C DRAIN is rain which drains from the canopy after canopy is full (C> 5) 
C 


























IF (EINT.GT.C) EINT=C 
EINTD = EINTD+EINT 
C =C-EINT 
C 
C Calculation of stem flow and stem evaporation 
C CT is amount of water to stems 
C 
CT = CT+PT*RAINT 
C 




IF (EINTT.GT.CT) EINTr=CT 
EINTID = EINTrD+EINTr 
CT = CT-EINTF 
C 
THRD = THRD+THR 
LOSSD = EINTD+EINTrD 
C 
C If CT <ST after evaporation then there is no stem flow 
C 
IF (CT.LE.ST) GO TO 240 
STEM = CT-ST 






C storm output 
C 
311 CHECKD = THRDi-STEMD+LOSSD-RAIND 
LSUM = LSUM + LOSSD 
CALL SUMPCT(RAIND,RSUM,THRD,TSIJM,STEMD,S SUM, 
* EINTD,ETSUM, EINTFD,ESSUM,TPCT,SPCT,ETPCT,ESPCT) 
LPCT = 100.0*LSUM/RSUM 












9600 FORMAT(4X,3X,(6F7.2)) - 
WR1TE(3,960 1 )TPCT,SPCT,ETPCT,ESPCT,LPCT 












PRINT *,'END OF RUN' 
STOP 
END 
SUBROUTINE ZER6R (R0,R1,R2,R3,R4,R5) 
RO = 0.0 
Ri =0.0 
R2 = 0.0 
R3 = 0.0 
R4 = 0.0 
R5 = 0.0 
RETURN 
END 
SUBROUTINE ZER7R (R0,R1,R2,R3,R4,R5,R6) 
RO = 0.0 
Ri =0.0 
R2 = 0.0 
R3=0.0 
R4 = 0.0 
R5 = 0.0 
R6 = 0.0 
RETURN 
END 
SUBROUTINE ZER2R (R0,R1) 
















SUBROUTINE SUMPCT (RAIND,RSUM,THRD,TSUM,STEMD, 
• SSUM,EINTD,ETSUM,EINTrD,ESSUM, 
• TPCT,SPCT,ETPCT,ESPCT) 
C Subroutine calculates totals and percentages for variables 
C 
REAL RAIND,RSUM,THRD,TSUM,STEMD,SSUM, 
* EINTD,ETSUM,EINTI'D,ES SUM,TPCT,SPCT,ETPCT,ESPCT 
C 
RSUM = RSUM+RAIND 
TSUM = TSUM+THRD 
SSUM = SSUM+STEMD 
ETSUM = ETSUM-s-EINTD 
ESSUM = ESSUM+EIN1TD 
TPCT = TSUM* 100.0/RSUM 
SPCT = SSUM*100.0/RSUM 
ETPCT = ETSUM*100.0/RSUM 





MODEL PREDICTIONS AND COMPARISON WITH THE MEASURED 
VALUES 
Table 1. Output of throughfall, stemfiow and interception loss from Gash model for each spacing. 

















N PG THR SF INT THRPCT SFPCT 1NTPC 
1 14.50 8.73 1.96 3.81 60.23 13.52 26.25 
2 0.50 0.04 0.00 0.46 8.00 0.00 92.00 
3 4.50 2.05 0.36 2.09 45.58 8.00 46.42 
4 2.25 0.55 0.00 1.70 24.32 0.00 75.68 
5 1.25 0.10 0.00 1.15 8.00 0.00 92.00 
6 3.00 1.05 0.12 1.83 34.95 4.00 61.05 
7 11.75 6.90 1.52 3.33 58.69 12.94 2837 
8 12.50 7.40 1.64 3.46 59.18 13.12 27.70 
9 0.50 0.04 0.00 046 8.00 0.00 92.00 
10 7.00 3.72 0.76 2.52 53.17 10.86 35.98 
11 1.75 0.21 0.00 1.54 12.18 0.00 87.82 
12 0.50 0.04 0.00 0.46 8.00 0.00 92.00 
13 8.50 4.72 1.00 2.78 55.58 11.76 32.66 
14 7.00 3.72 0.76 2.52 53.17 10.86 35.98 
15 1.00 0.08 0.00 0.92 8.00 0.00 92.00 
16 7.00 3.72 0.76 2.52 53.17 10.86 35.98 
17 2.00 038 0.00 1.62 19.01 0.00 80.99 
18 1.00 0.08 0.00 0.92 8.00 0.00 92.00 
19 1.75 0.21 0.00 1.54 12.18 0.00 87.82 
20 0.25 0.02 0.00 0.23 8.00 0.00 92.00 
21 15.50 9.40 2.12 3.98 60.66 13.68 25.66 
22 4.50 2.05 036 2.09 45.58 8.00 46.42 
23 9.25 5.23 1.12 2.90 56.49 12.11 31.40 
24 0.25 0.02 0.00 0.23 8.00 0.00 92.00 
25 1.75 0.21 0.00 1.54 12.18 0.00 87.82 
26 0.25 0.02 0.00 0.23 8.00 0.00 92.00 
27 0.75 0.06 0.00 0.69 8.00 0.00 92.00 
28 12.75 7.56 1.68 3.51 59.33 13.18 27.50 
29 6.50 3.39 0.68 2.43 52.11 10.46 37.42 
30 10.00 5.73 1.24 3.03 57.26 12.40 30.34 
31 0.25 0.02 0.00 0.23 8.00 0.00 92.00 
32 7.00 3.72 0.76 2.52 53.17 10.86 35.98 
TOTAL 157.25 81.18 16.84 59.23 51.62 10.71 37.67 
AT 4 m SPACING 
S 	P 	FT 	ST N 	REAR EBAR RSC 	TSC 
030 0.22 0.030 0.051 	32 0.99 	0.12 	0.44 0.44 
N 	PG THR SF INT THRPCT SFPCr INTPCI' 
1 	14.50 12.03 038 2.08 82.99 2.65 1436 
2 0.50 015 0.00 0.35 30.01 0.00 69.99 
3 	4.50 3.55 0.08 0.87 78.78 1.87 19.35 
4 2.25 1.64 0.02 0.60 72.69 0.73 26.58 
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5 1.25 0.79 0.00 0.46 62.93 0.00 37.07 
6 3.00 2.27 0.04 0.69 75.73 130 22.97 
7 11.75 9.70 0.30 1.75 82.54 2.57 14.89 
8 12.50 10.34 032 1.84 82.68 2.59 14.72 
9 0.50 0.15 0.00 0.35 30.01 0.00 69.99 
10 7.00 5.67 0.16 1.17 80.96 2.27 16.77 
11 1.75 1.21 0.00 0.54 69.20 0.09 30.71 
12 0.50 0.15 0.00 035 30.01 0.00 69.99 
13 8.50 6.94 0.20 136 81.65 2.40 15.95 
14 7.00 5.67 0.16 1.17 80.96 2.27 16.77 
15 1.00 0.57 0.00 0.43 57.45 0.00 42.55 
16 7.00 5.67 0.16 1.17 80.96 2.27 16.77 
17 2.00 1.42 0.01 0.57 71.16 0.45 28.39 
18 1.00 0.57 0.00 0.43 57.45 0.00 42.55 
19 1.75 1.21 0.00 054 69.20 0.09 30.71 
20 0.25 0.06 0.00 0.19 22.00 0.00 78.00 
21 15.50 12.88 0.41 2.20 83.11 2.67 14.22 
22 4.50 3.55 0.08 0.87 78.78 1.87 1935 
23 9.25 7.58 0.23 1.45 81.91 2.45 15.64 
24 0.25 0.06 0.00 0.19 22.00 0.00 78.00 
25 1.75 1.21 0.00 0.54 69.20 0.09 30.71 
26 0.25 0.06 0.00 0.19 22.00 0.00 78.00 
27 0.75 036 0.00 039 48.30 0.00 51.70 
28 12.75 10.55 0.33 1.87 82.73 2.60 14.67 
29 6.50 5.24 0.14 1.11 80.66 2.22 17.13 
30 10.00 8.21 0.25 154 82.14 2.49 1537 
31 0.25 0.06 0.00 0.19 22.00 0.00 78.00 
32 7.00 5.67 0.16 1.17 80.96 2.27 16.77 
TOTAL 157.25 125.16 3.45 28.64 79.59 2.19 18.21 

















N PG THR SF INT THRPCT SFPCT ThiTPCr 
1 14.50 12.68 0.13 1.69 87.46 0.88 11.66 
2 050 0.26 0.00 0.24 52.95 0.00 47.05 
3 450 3.81 0.03 0.66 84.73 0.60 14.67 
4 2.25 1.82 0.00 0.43 80.75 0.20 19.05 
5 1.25 0.93 0.00 032 74.40 0.00 25.60 
6 3.00 2.48 0.01 051 82.74 0.40 16.86 
7 11.75 10.24 0.10 1.41 87.18 0.85 11.98 
8 1250 10.91 0.11 1.48 87.27 0.86 11.88 
9 050 0.26 0.00 0.24 52.95 0.00 47.05 
10 7.00 6.03 0.05 0.92 86.14 0.74 13.11 
11 1.75 137 0.00 038 78.48 0.00 2152 
12 050 0.26 0.00 0.24 52.95 0.00 47.05 
13 850 7.36 0.07 1.07 86.59 0.79 12.62 
14 7.00 6.03 0.05 0.92 86.14 0.74 13.11 
15 1.00 0.71 0.00 0.29 70.82 0.00 29.18 
16 7.00 6.03 0.05 0.92 86.14 0.74 13.11 
17 2.00 1.60 0.00 0.40 79.76 0.10 20.14 
18 1.00 0.71 0.00 0.29 70.82 0.00 29.18 
19 1.75 1.37 0.00 038 78.48 0.00 2152 
20 0.25 0.12 0.00 0.13 47.00 0.00 53.00 
21 1550 1357 0.14 1.79 87.54 0.88 11.57 
22 450 3.81 0.03 0.66 84.73 0.60 14.67 
23 9.25 8.03 0.07 1.15 86.76 0.81 12.43 
24 0.25 0.12 0.00 0.13 47.00 0.00 53.00 
25 1.75 1.37 0.00 038 78.48 0.00 2152 
26 0.25 0.12 0.00 0.13 47.00 0.00 53.00 
27 0.75 0.49 0.00 0.26 64.87 0.00 35.13 
28 12.75 11.13 0.11 151 87.30 0.86 11.85 
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29 6.50 5.59 0.05 0.87 85.95 0.72 1333 
30 10.00 8.69 0.08 1.23 86.91 0.82 12.27 
31 0.25 0.12 0.00 0.13 47.00 0.00 53.00 
32 7.00 6.03 0.05 0.92 86.14 0.74 13.11 
TOTAL 157.25 134.05 1.13 22.06 85.25 0.72 14.03 
AT 8 m SPACING 
S P Fr ST N RBAR EBAR RSC TSC 
0.10 0.77 0.005 0.009 32 0.99 0.07 0.53 0.54 
N PG THR SF TNT THRPCT SFPC'FINTPCT 
1 14.50 13.35 0.06 1.09 92.06 0.44 7.50 
2 030 0.39 0.00 0.11 77.00 0.00 23.00 
3 4.50 4.09 0.01 0.40 90.79 030 8.91 
4 2.25 2.00 0.00 0.25 88.95 0.10 10.95 
5 1.25 1.07 0.00 0.17 86.00 0.00 14.00 
6 3.00 2.70 0.01 030 89.87 0.20 9.93 
7 11.75 10.80 0.05 0.90 91.93 0.42 7.65 
8 12.50 11.50 0.05 0.95 91.97 0.43 7.60 
9 0.50 0.39 0.00 0.11 77.00 0.00 23.00 
10 7.00 6.40 0.03 0.57 91.45 0.37 8.18 
11 1.75 1.54 0.00 0.21 87.89 0.00 12.11 
12 0.50 0.39 0.00 0.11 77.00 0.00 23.00 
13 8.50 7.79 0.03 0.68 91.66 039 7.95 
14 7.00 6.40 0.03 0.57 91.45 037 8.18 
15 1.00 0.84 0.00 0.16 84.34 0.00 15.66 
16 7.00 6.40 0.03 0.57 91.45 037 8.18 
17 2.00 1.77 0.00 0.23 88.49 0.05 11.46 
18 1.00 0.84 0.00 0.16 84.34 0.00 15.66 
19 1.75 1.54 0.00 0.21 87.89 0.00 12.11 
20 0.25 0.19 0.00 0.06 77.00 0.00 23.00 
21 1530 14.27 0.07 1.16 92.10 0.44 7.46 
22 4.50 4.09 0.01 040 90.79 030 8.91 
23 9.25 8.49 0.04 0.73 91.74 0.40 7.86 
24 0.25 0.19 0.00 0.06 77.00 0.00 23.00 
25 1.75 1.54 0.00 0.21 87.89 0.00 12.11 
26 0.25 0.19 0.00 0.06 77.00 0.00 23.00 
27 0.75 0.61 0.00 0.14 81.58 0.00 18.42 
28 12.75 11.73 0.05 0.97 91.98 0.43 7.59 
29 630 5.94 0.02 034 91.36 0.36 8.28 
30 10.00 9.18 0.04 0.78 91.80 0.41 7.79 
31 0.25 0.19 0.00 0.06 77.00 0.00 23.00 
32 7.00 6.40 0.03 0.57 91.45 037 8.18 
TOTAL 157.25 143.20 037 13.48 91.06 036 8.58 
Table 2. Comparison between observed and Gash model predicted throughfall, T, stemfiow, SF, 
and interception loss,!, in each spacing treatment. 
AT 2 m SPACING 
No Pp T(data) T(model) SF(data) 	SF(model) I(data) 	I(model) 
1 1430 7.665 8.73 1.65536 1.96 5.17964 3.81 
2 030 0.000 0.04 0.00000 0.00 0.50000 0.46 
3 4.50 1.248 2.05 0.43658 036 2.81542 2.09 
4 2.25 0.535 0.55 0.03638 0.00 1.67862 1.70 
5 1.25 0.178 0.10 0.00000 0.00 1.07200 1.15 
6 3.00 0.891 1.05 0.17281 0.12 1.93619 1.83 
7 11.75 8.377 6.90 1.48255 1.52 1.89045 333 
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8 12.50 8.555 7.40 1.09145 1.64 2.85355 3.46 
9 0.50 0.000 0.04 0.00000 0.00 0.50000 0.46 
10 7.00 3.028 3.72 0.48206 0.76 3.48994 2.52 
11 1.75 0.178 0.21 0.00000 0.00 1.57200 1.54 
12 9.25 5.700 5.23 1.00959 1.12 2.54041 2.90 
13 0.25 0.000 0.02 0.00000 0.00 0.25000 0.23 
14 1.75 0.534 0.21 0.01819 0.00 1.19781 1.54 
15 0.25 0.000 0.02 0.00000 0.00 0.25000 0.23 
16 0.75 0.178 0.06 0.01819 0.00 0.55381 0.69 
17 12.75 4.632 7.56 1.10964 1.68 7.00836 3.51 
18 650 2.317 3.39 0.68216 0.68 3.50084 2.43 
19 10.00 3.920 5.73 0.91864 1.24 5.16136 3.03 
20 0.25 0.000 0.02 0.00000 - 0.00 - 0.25000 0.23 
21 7.00 2.673 3.72 031844 0.76 3.80856 2.52 
AT 4 m SPACING 
1 14.50 9.148 12.03 0.43610 0.38 4.91590 2.08 
2 0.50 0.144 0.15 0.00000 0.00 035600 035 
3 4.50 2.059 3.54 0.08237 0.08 2.35863 0.87 
4 2.25 1.342 1.64 0.03178 0.02 0.87622 0.60 
5 1.25 0.575 0.79 0.00251 0.00 0.67249 0.46 
6 3.00 1.772 2.27 0.06481 0.04 1.16319 0.69 
7 11.75 10.010 9.70 0.46286 030 1.27714 1.75 
8 12.50 8.717 10.34 0.33868 032 3.44432 1.84 
9 0.50 0.240 0.15 0.00000 0.00 0.26000 0.35 
10 7.00 3.737 5.67 0.12753 0.16 3.13547 1.17 
11 1.75 0.862 1.21 0.00042 0.00 0.88758 034 
12 050 0.431 0.15 0.00000 0.00 0.06900 035 
13 830 5.606 6.94 0.17603 0.20 2.71797 1.36 
14 7.00 5.077 5.67 0.22787 0.16 1.69513 1.17 
15 1.00 0.431 0.57 0.00000 0.00 0.56900 0.43 
16 7.00 5.556 5.67 0.23958 0.16 1.20442 1.17 
17 2.00 1.437 1.42 0.04516 0.01 0.51784 0.57 
18 1.00 0.718 0.57 0.00000 0.00 0.28200 0.43 
19 1.75 1.006 1.21 0.02467 0.00 0.71933 034 
20 0.25 0.096 0.06 0.00000 0.00 0.15400 0.19 
21 15.50 12.263 12.88 038746 0.41 2.64954 2.20 
22 430 1.724 3.55 0.11498 0.08 2.66102 0.87 
23 9.25 5.989 7.58 034704 0.23 2.91396 1.45 
24 0.25 0.000 0.06 0.00000 0.00 0.25000 0.19 
25 1.75 1.007 1.21 0.01296 0.00 0.73004 054 
26 0.25 0.048 0.06 0.00000 0.00 0.20200 0.19 
27 0.75 0384 0.36 0.00000 0.00 0.36600 039 
28 12.75 5.366 10.55 0.24376 033 7.14024 1.87 
29 6.50 2.778 5.24 0.13714 0.14 3.58486 1.11 
30 10.00 4.552 8.21 0.20655 0.25 5.24145 1.54 
31 0.25 0.048 0.06 0.00000 0.00 0.20200 0.19 
32 7.00 3.449 5.67 0.14969 0.16 3.40131 1.17 
AT 6 m SPACING 
1 1450 9.400 12.68 0.22601 0.13 4.87399 1.69 
2 0.50 0.240 0.26 0.00000 0.00 0.26000 0.24 
3 4.50 2.564 3.81 0.02798 0.03 1.90802 0.66 
4 2.25 1.470 1.82 0.00143 0.00 0.77857 0.43 
5 1.25 0.694 0.93 0.00000 0.00 0.55600 032 
6 3.00 1.869 2.48 0.02870 0.01 1.10230 0.51 
7 11.75 9.747 10.24 0.32287 0.10 1.68013 1.41 
8 1250 9.506 10.91 0.12915 0.11 2.86485 1.48 
9 050 0.374 0.26 0.00072 0.00 0.12528 0.24 
10 7.00 4.941 6.03 0.02440 0.05 2.03460 0.92 
11 1.75 1.121 1.37 0.00000 0.00 0.62900 0.38 
12 050 0.482 0.26 0.00000 0.00 0.01800 0.24 
13 850 6.518 7.36 0.03803 0.07 1.94397 1.07 
14 7.00 5.768 6.03 0.03516 0.05 1.19684 0.92 
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15 1.00 0.562 0.71 0.00072 0.00 0.43728 0.29 
16 7.00 5.740 6.03 0.02440 0.05 1.23560 0.92 
17 2.00 1.577 1.60 0.00359 0.00 0.41941 0.40 
18 1.00 0.855 0.71 0.00143 0.00 0.14357 0.29 
19 1.75 1.149 1.37 0.01148 0.00 0.58952 0.38 
20 0.25 0.107 0.12 0.00287 0.00 0.14013 0.13 
21 15.50 12.366 13.57 0.15641 0.14 2.97759 1.79 
22 4.50 2.670 3.81 0.00861 0.03 1.82139 0.66 
23 9.25 6.837 8.03 0.03587 0.07 2.37713 1.15 
24 0.25 0.000 0.12 0.00000 0.00 0.25000 0.13 
25 1.75 1.201 1.37 0.00000 0.00 0.54900 038 
26 0.25 0.027 0.12 0.00143 0.00 0.22157 0.13 
27 0.75 0.508 0.49 0.00000 0.00 0.24200 0.26 
28 12.75 7.291 11.13 0.11552 0.11 5.34348 1.51 
29 650 3.818 5.59 0.00861 0.05 2.67339 0.87 
30 10.00 6.252 8.69 0.01507 0.08 3.73293 1.23 
31 0.25 0.107 0.12 0.00000 0.00 0.14300 0.13 
32 7.00 4.754 6.03 0.00143 0.05 2.24457 0.92 
AT 8 m SPACING 
1 14.50 10.793 13.35 0.12508 0.06 3.58192 1.09 
2 0.50 0.376 0.39 0.00000 0.00 0.12400 0.11 
3 4.50 2.923 4.09 0.02189 0.01 1.55511 0.40 
4 2.25 1.780 2.00 0.00153 0.00 0.46847 0.25 
5 1.25 0.767 1.07 0.00000 0.00 0.48300 0.17 
6 3.00 2.141 2.70 0.00766 0.01 0.85134 030 
7 11.75 10.836 10.80 0.05581 0.05 0.85819 0.90 
8 12.50 10.634 11.50 0.05493 0.05 1.81107 0.95 
9 0.50 0.463 0.39 0.00000 0.00 0.03700 0.11 
10 7.00 5.657 6.40 0.01598 0.03 1.32702 0.57 
11 1.75 1.317 1.54 0.00000 0.00. 0.43300 0.21 
12 0.50 0.492 0.39 0.00000 0.00 0.00800 0.11 
13 8.50 7.017 7.79 0.00427 0.03 1.47873 0.68 
14 7.00 6.279 6.40 0.01609 0.03 0.70491 0.57 
15 1.00 0.666 0.84 0.00000 0.00 033400 0.16 
16 7.00 6.337 6.40 0.02353 0.03 0.63947 0.57 
17 2.00 1.794 1.77 0.00000 0.00 0.20600 0.23 
18 1.00 0.955 0.84 0.00000 0.00 0.04500 0.16 
19 1.75 1.244 1.54 0.00000 0.00 0.50600 0.21 
20 0.25 0.087 0.19 0.00000 0.00 0.16300 0.06 
21 15.50 13.802 14.27 0.05406 0.07 1.64394 1.16 
22 4.50 3.024 4.09 0.01663 0.01 1.45937 0.40 
23 9.25 7.451 8.49 0.03918 0.04 1.75982 0.73 
24 0.25 0.072 0.19 0.00000 0.00 0.17800 0.06 
25 1.75 1.331 1.54 0.00000 0.00 0.41900 0.21 
26 0.25 0.072 0.19 0.00000 0.00 0.17800 0.06 
27 0.75 0.637 0.61 0.00000 0.00 0.11300 0.14 
28 12.75 8.464 11.73 0.03217 0.05 4.25383 0.97 
29 650 4.659 5.94 0.00875 0.02 1.83225 0.54 
30 10.00 6.887 9.18 0.02035 0.04 3.09265 0.78 
31 0.25 0.130 0.19 0.00000 0.00 0.12000 0.06 
32 7.00 5.527 6.40 0.00832 0.03 1.46468 057 
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Table S. Output of throughfall, stemfiow and interception loss from WATMOD for each spacing. 
AT 2 m SPACING 
SIMULATION OF EVAPORATION FROM FOREST CANOPY 
Spacing between tees 
Number of tees per hectare 
= 	1.825 
= 3002 
S 	 - CANOPY STORAGE CAPACiTY mm = 	1.0930 
ST - TREE TRUNK STORAGE CAPACITY mm = 0.3588 
P 	 - FREE THROUGHFALL COEFFICIENT = 	0.0750 
Fr - FREE TRUNK COEFFICIENT = 0.1601 
E 	 - FRAC. OF STEM/CANOPY EVAP. = 	0.1190 
GAFAC 	- CONVERSION TO GA FROM U = 0.1030 
INCR - NUMBER OF INCREAMENTS = 	60 
NSTORM RAJ1D THRD STEMD E1NTD EINTI'D LOSSD CHECKD 
1 14.50 838 1.62 3.72 0.58 430 -0.20 
2 0.50 0.04 0.00 0.38 0.10 0.48 0.02 
3 4.50 1.62 0.35 1.73 0.22 1.95 -0.58 
4 2.25 1.00 022 0.79 0.11 0.90 -0.14 
5 1.25 0.21 0.08 1.24 0.21 1.45 049 
6 3.00 0.91 0.24 1.43 0.20 1.63 -0.22 
7 11.75 7.91 1.59 1.99 0.28 2.27 0.01 
8 12.50 8.57 1.71 2.25 0.42 2.67 0.45 
9 0.50 0.04 0.00 0.22 0.05 0.28 -0.19 
10 7.00 2.33 0.53 3.60 0.57 4.16 0.02 
11 1.75 0.13 0.02 1.40 030 1.70 0.10 
12 0.50 0.04 0.00 0.26 0.06 032 -0.14 
13 8.50 3.79 0.80 3.47 0.58 4.05 0.14 
14 7.00 2.57 0.60 3.28 0.49 3.78 -0.05 
15 1.00 0.08 0.00 0.72 0.17 0.89 -0.04 
16 7.00 3.78 0.77 1.60 0.20 1.80 -0.65 
17 2.00 0.97 0.24 0.70 0.09 0.79 -0.01 
18 1.00 0.08 0.03 1.33 0.26 1.58 0.69 
19 1.75 0.25 0.04 1.03 0.17 1.20 -0.25 
20 0.25 0.02 0.00 0.46 0.16 0.62 038 
21 15.50 8.79 1.85 4.01 0.53 4.54 -033 
22 4.50 1.92 0.47 1.47 0.19 1.66 -0.46 
23 9.25 3.87 0.89 3.76 0.54 431 -0.17 
24 0.25 0.02 0.00 0.53 0.09 0.62 039 
25 1.75 0.68 0.17 0.41 0.05 0.46 -0.44 
26 0.25 0.02 0.00 0.38 0.06 0.44 021 
27 0.75 0.06 0.04 0.77 0.12 0.89 0.24 
28 12.75 4.43 1.12 6.17 0.92 7.09 -0.11 
29 6.50 2.29 0.51 3.39 0.54 3.93 0.24 
30 10.00 3.24 0.66 5.18 0.96 6.14 0.03 
31 0.25 0.02 0.00 0.31 0.08 0.39 0.16 
32 7.00 2.65 0.62 2.97 0.42 339 -034 
TOTAL 157.25 70.66 15.16 60.95 9.73 70.68 
% 44.94 9.64 38.76 6.19 44.95 
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AT 4 m SPACING 
SIMULATION OF EVAPORATION FROM FOREST CANOPY 
Spacing between trees 	 = 
Number of trees per hectare 	 = 
4.000 
625 
S 	 - CANOPY STORAGE CAPACiTY mm 	= 0.2910 
ST - TREE TRUNK STORAGE CAPACITY mm 	= 0.0607 
P 	 - FREE THROUGHFALL COEFFICIENT = 0.2500 
PT - FREE TRUNK COEFFICIENT 	 = 0.0299 
B 	 - COEFFICIENT FOR DRAINAGE RATE 	= 0.1050 
E - FRAC.OF STEM/CANOPY EVAP. 	 = 00250 
GAFAC 	- CONVERSION TO GA FROM U = 0.0810 
INCR - NUMBER OF INCREAMENTS 	 = 60 
NSTORM RAIND THRD STEMD EINTD EINTD LOSSD CHECKD 
1 14.50 11.67 031 2.40 0.10 2.49 -0.03 
2 0.50 0.13 0.00 0.36 0.02 038 0.00 
3 4.50 330 0.07 1.05 0.04 1.09 -0.04 
4 2.25 1.65 0.04 0.50 0.02 0.52 -0.04 
5 1.25 0.67 0.02 0.59 0.03 0.62 0.06 
6 3.00 2.10 0.05 0.80 0.03 0.83 -0.01 
7 11.75 10.09 0.30 1.30 0.05 134 -0.01 
8 12.50 10.85 0.33 1.29 0.07 136 0.04 
9 0.50 0.13 0.00 0.32 0.01 033 -0.05 
10 7.00 4.57 0.11 2.25 0.09 2.34 0.03 
11 1.75 0.91 0.01 0.79 0.05 0.84 0.02 
12 0.50 0.13 0.00 0.33 0.01 034 -0.04 
13 8.50 6.02 0.16 2.26 0.10 235 0.03 
14 7.00 4.87 0.12 1.93 0.08 2.01 0.00 
15 1.00 0.29 0.00 0.67 0.03 0.70 -0.01 
16 7.00 5.57 0.15 1.17 0.03 1.20 -0.08 
17 2.00 1.56 0.05 0.38 0.01 0.40 0.01 
18 1.00 037 0.01 0.65 0.04 0.70 0.08 
19 1.75 1.12 0.01 0.57 0.03 0.60 -0.02 
20 0.25 0.06 0.00 0.19 0.03 0.21 0.03 
21 15.50 12.55 0.36 2.48 0.09 2.56 -0.02 
22 4.50 3.38 0.09 0.95 0.03 0.98 -0.04 
23 9.25 631 0.18 2.58 0.09 2.67 -0.08 
24 0.25 0.06 0.00 0.26 0.01 0.28 0.09 
25 1.75 1.31 0.04 0.29 0.01 0.30 -0.10 
26 0.25 0.06 0.00 0.21 0.01 0.22 0.04 
27 0.75 0.38 0.01 0.42 0.02 0.44 0.07 
28 12.75 8.09 0.23 4.27 0.15 4.43 0.00 
29 6.50 4.16 0.11 2.15 0.09 2.23 0.01 
30 10.00 635 0.14 3.36 0.16 3.52 0.01 
31 0.25 0.06 0.00 0.18 0.01 0.19 0.00 
32 7.00 4.91 0.13 1.85 0.07 1.92 -0.04 
TOTAL 157.25 113.71 3.04 38.79 1.62 40.41 
% 7231 1.93 24.66 1.03 25.70 
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AT 6 m SPACING 
SIMULATION OF EVAPORATION FROM FOREST CANOPY 
Spacing between trees 	 = 
Number of trees per hectare 	 = 
6.000 
277 
S 	 - CANOPY STORAGE CAPACITY mm 	= 0.1740 
ST - TREE TRUNK STORAGE CAPACITY mm 	= 0.0170 
P 	 - FREE THROUGHFALL COEFFICIENT = 0.4660 
PT - FREE TRUNK COEFFICIENT 	 = 0.0109 
B 	 - COEFFICIENT FOR DRAINAGE RATE 	= 0.1050 
E - FRAC. OF STEM/CANOPY EVAP. 	= 0.0110 
GAFAC 	- CONVERSION TO GA FROM U = 0.0610 
INCR' - NUMBER OF INCREAMENTS 	 = 60 
NSTORM RAIND THRD STEMD EINTD EINTFD LOSSD CHECKD 
1 14.50 12.61 0.12 1.73 0.03 1.76 -0.01 
2 0.50 0.23 0.00 0.26 0.01 0.27 0.00 
3 4.50 3.70 0.03 0.75 0.01 0.76 -0.01 
4 2.25 1.86 0.02 0.35 0.01 0.36 -0.02 
5 1.25 0.86 0.01 0.40 0.01 0.41 0.02 
6 3.00 2.41 0.02 0.56 0.01 0.57 0.00 
7 11.75 10.69 0.11 0.93 0.02 0.95 0.00 
8 12.50 11.45 0.12 0.92 0.02 0.94 0.01 
9 0.50 0.23 0.00 0.24 0.00 0.25 -0.02 
10 7.00 535 0.04 1.59 0.03 1.62 0.01 
11 1.75 1.18 0.01 0.56 0.02 0.57 0.01 
12 0.50 0.23 0.00 0.25 0.00 0.25 -0.02 
13 8.50 6.82 0.06 1.60 0.03 1.64 0.01 
14 7.00 5.55 0.05 1.37 0.03 1.40 0.00 
15 1.00 0.52 0.00 0.46 0.01 0.47 0.00 
16 7.00 6.04 0.06 0.86 0.01 0.87 -0.03 
17 2.00 1.72 0.02 0.26 0.00 0.27 0.00 
18 1.00 0.56 0.00 0.45 0.01 0.46 0.03 
19 1.75 133 0.01 0.40 0.01 0.41 0.00 
20 0.25 0.12 0.00 0.13 0.01 0.14 0.01 
21 1550 1356 0.14 1.77 0.03 1.80 -0.01 
22 450 3.75 0.04 0.69 0.01 0.70 -0.02 
23 9.25 7.26 0.07 1.85 0.03 1.88 -0.04 
24 0.25 0.12 0.00 0.17 0.00 0.18 0.04 
25 1.75 1.48 0.01 0.20 0.00 0.21 -0.05 
26 0.25 0.12 0.00 0.15 0.00 0.15 0.02 
27 0.75 0.50 0.00 0.28 0.01 0.28 0.04 
28 12.75 9.53 0.09 3.07 0.05 3.12 0.00 
29 6.50 4.93 0.04 1.50 0.03 1.52 0.00 
30 10.00 7.49 0.06 2.41 0.05 2.46 0.00 
31 0.25 0.12 0.00 0.13 0.00 0.13 0.00 
32 7.00 5.59 0.05 1.32 0.02 134 -0.02 
TOTAL 157.25 127.92 1.17 27.60 0.53 28.12 
% 81.35 0.74 17.55 0.34 17.88 
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AT 8 m SPACING 
SIMULATION OF EVAPORATION FROM FOREST CANOPY 
Spacing between tees = 8.000 
Number of trees per hectare 	 = 156 
S 	 - CANOPY STORAGE CAPACITY mm 	= 0.1330 
ST - TREE TRUNK STORAGE CAPACITY mm 	= 0.0019 
P 	 - FREE ThROUGHFALL COEFFICIENT = 0.7240 
PT - FREE TRUNK COEFFICIENT 	 = 0.0042 
B 	 - COEFFICIENT FOR DRAINAGE RATE 	= 0.1050 
E - FRAC. OF STEM/CANOPY EVAP. 	= 0.0060 
GAFAC 	- CONVERSION TOGA FROM U = 0.0400 
NCR - NUMBER OF INCREAMENTS 	 = 60 
NSTORM RAND THRD STEMD EJNTD EINVFD LOSSD CHECKD 
1 1430 1333 0.05 1.11 0.01 1.12 0.00 
2 0.50 036 0.00 0.14 0.00 0.14 0.00 
3 430 3.98 0.01 0.50 0.00 030 -0.01 
4 2.25 2.00 0.01 0.23 0.00 0.23 -0.01 
5 1.25 1.00 0.00 0.27 0.00 0.27 0.02 
6 3.00 2.61 0.01 0.38 0.00 038 0.00 
7 11.75 11.09 0.04 0.61 0.00 0.61 0.00 
8 1230 11.87 0.05 0.58 0.01 059 0.00 
9 050 0.36 0.00 0.12 0.00 0.12 -0.01 
10 7.00 5.98 0.02 1.00 0.01 1.01 0.01 
11 1.75 1.41 0.00 0.34 0.00 034 0.00 
12 030 0.36 0.00 0.13 0.00 0.13 -0.01 
13 830 7.47 0.03 1.01 0.01 1.02 0.01 
14 7.00 6.09 0.02 0.88 0.01 0.89 0.00 
15 1.00 0.72 0.00 0.27 0.00 0.27 0.00 
16 7.00 6.38 0.03 0.57 0.00 038 -0.02 
17 2.00 1.81 0.01 0.18 0.00 0.18 0.00 
18 1.00 0.73 0.00 0.29 0.00 0.29 0.02 
19 1.75 1.48 0.00 0.26 0.00 0.26 0.00 
20 0.25 0.18 0.00 0.07 0.00 0.07 0.00 
21 1550 14.25 0.06 1.18 0.01 1.19 0.00 
22 430 4.02 0.02 0.45 0.00 0.45 -0.01 
23 9.25 8.02 0.03 1.16 0.01 1.17 -0.03 
24 0.25 0.18 0.00 0.10 0.00 0.10 0.03 
25 1.75 136 0.01 0.14 0.00 0.14 -0.04 
26 0.25 0.18 0.00 0.09 0.00 0.09 0.02 
27 0.75 0.58 0.00 0.19 0.00 0.19 0.02 
28 12.75 10.76 0.04 1.93 0.02 1.95 0.00 
29 630 5.52 0.02 0.95 0.01 0.96 0.00 
30 10.00 8.54 0.03 1.42 0.02 1.43 0.00 
31 0.25 0.18 0.00 0.07 0.00 0.07 0.00 
32 7.00 6.12 0.02 0.84 0.01 0.85 -0.01 
TOTAL 157.25 139.13 0.51 17.44 0.16 1759 
88.47 0.32 11.09 0.10 11.19 
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Table 4. Comparison between observed and WATMOD predicted throughfall, T, stemfiow, SF, 
and interception Loss, I, in each spacing treatment. 
AT 2 m SPACING 
No 	Pg 	T(data) 	T(model) 	SF(data) SF(model) I(data) J(model) 
1 14.50 7.665 8.38 1.65536 1.62 5.17964 4.30 
2 0.50 0.000 0.04 0.00000 0.00 0.50000 0.48 
3 4.50 1.248 1.62 0.43658 035 2.81542 1.95 
4 2.25 0.535 1.00 0.03638 0.22 1.67862 0.90 
5 1.25 - 	 0.178 0.21 0.00000 0.08 1.07200 1.45 
6 3.00 0.891 0.91 0.17281 0.24 1.93619 1.63 
7 11.75 8.377 7.91 1.48255 1.59 1.89045 2.27 
8 12.50 8.555 8.57 1.09145 1.71 2.85355 2.67 
9 0.50 0.000 0.04 0.00000 0.00 0.50000 0.28 
10 7.00 3.028 2.33 0.48206 0.53 3.48994 4.16 
11 1.75 0.178 0.13 0.00000 0.02 1.57200 1.70 
12 9.25 5.700 3.87 1.00959 0.89 2.54041 4.31 
13 0.25 0.000 0.02 0.00000 0.00 0.25000 0.62 
14 1.75 0.534 0.68 0.01819 0.17 1.19781 0.46 
15 0.25 0.000 0.02 0.00000 0.00 0.25000 0.44 
16 0.75 0.178 0.06 0.01819 0.04 0.55381 0.89 
17 12.75 4.632 4.43 1.10964 1.12 7.00836 7.09 
18 6.50 2.317 2.29 0.68216 0.51 3.50084 3.93 
19 10.00 3.920 324 0.91864 0.66 5.16136 6.14 
20 0.25 0.000 0.02 0.00000 0.00 0.25000 039 
21 7.00 2.673 2.65 0.51844 0.62 3.80856 339 
AT 4 m SPACING 
1 14.50 9.148 11.67 0.43610 031 4.91590 2.49 
2 0.50 0.144 0.13 0.00000 0.00 0.35600 038 
3 4.50 2.059 3.30 0.08237 0.07 235863 1.09 
4 2.25 1.342 1.65 0.03178 0.04 0.87622 0.52 
5 1.25 0.575 0.67 0.00251 0.02 0.67249 0.62 
6 3.00 1.772 2.10 0.06481 0.05 1.16319 0.83 
7 11.75 10.010 10.09 0.46286 030 1.27714 134 
8 12.50 8.717 10.85 033868 033 3.44432 136 
9 0.50 0.240 0.13 0.00000 0.00 0.26000 0.33 
10 7.00 3.737 4.57 0.12753 0.11 3.13547 234 
11 1.75 0.862 0.91 0.00042 0.01 0.88758 0.84 
12 0.50 0.431 0.13 0.00000 0.00 0.06900 034 
13 8.50 5.606 6.02 0.17603 0.16 2.71797 235 
14 7.00 5.077 4.87 0.22787 0.12 1.69513 2.01 
15 1.00 0.431 0.29 0.00000 0.00 0.56900 0.70 
16 7.00 5.556 5.57 0.23958 0.15 1.20442 1.20 
17 2.00 1.437 1.56 0.04516 0.05 0.51784 0.40 
18 1.00 0.718 0.37 0.00000 0.01 0.28200 0.70 
19 1.75 1.006 1.12 0.02467 0.01 0.71933 0.60 
20 0.25 0.096 0.06 0.00000 0.00 0.15400 0.21 
21 15.50 12.263 12.55 0.58746 036 2.64954 2.56 
22 4.50 1.724 3.38 0.11498 0.09 2.66102 0.98 
23 9.25 5.989 6.31 034704 0.18 2.91396 2.67 
24 0.25 0.000 0.06 0.00000 0.00 0.25000 0.28 
25 1.75 1.007 1.31 0.01296 0.04 0.73004 030 
26 0.25 0.048 0.06 0.00000 0.00 0.20200 0.22 
27 0.75 0384 0.38 0.00000 0.01 036600 0.44 
28 12.75 5.366 8.09 0.24376 0.23 7.14024 4.43 
29 6.50 2.778 4.16 0.13714 0.11 3.58486 2.23 
30 10.00 4.552 6.35 0.20655 0.14 5.24145 3.52 
31 0.25 0.048 0.06 0.00000 0.00 0.20200 0.19 
32 7.00 3.449 4.91 0.14969 0.13 3.40131 1.92 
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AT 6 m SPACING 
1 14.50 9.400 12.61 0.22601 0.12 4.87399 1.76 
2 0.50 0.240 0.23 0.00000 0.00 0.26000 0.27 
3 4.50 2.564 3.70 0.02798 0.03 1.90802 0.76 
4 2.25 1.470 1.86 0.00143 0.02 0.77857 036 
5 1.25 0.694 0.86 0.00000 0.01 0.55600 0.41 
6 3.00 1.869 2.41 0.02870 0.02 1.10230 0.57 
7 11.75 9.747 10.69 032287 0.11 1.68013 0.95 
8 12.50 9.506 11.45 0.12915 0.12 2.86485 0.94 
9 0.50 0.374 0.23 0.00072 0.00 0.12528 0.25 
10 7.00 4.941 5.35 0.02440 0.04 2.03460 1.62 
11 1.75 1.121 1.18 0.00000 0.01 0.62900 0.57 
12 0.50 0.482 0.23 0.00000 0.00 0.01800 0.25 
13 8.50 6.518 6.82 0.03803 0.06 1.94397 1.64 
14 7.00 5.768 5.55 0.03516 0.05 1.19684 1.40 
15 1.00 0.562 0.52 0.00072 0.00 0.43728 0.47 
16 7.00 5.740 6.04 0.02440 0.06 1.23560 0.87 
17 2.00 1.577 1.72 0.00359 0.02 0.41941 0.27 
18 1.00 0.855 0.56 0.00143 0.00 0.14357 0.46 
19 1.75 1.149 1.33 0.01148 0.01 0.58952 0.41 
20 0.25 0.107 0.12 0.00287 0.00 0.14013 0.14 
21 15.50 12.366 13.56 0.15641 0.14 2.97759 1.80 
22 4.50 2.670 3.75 0.00861 0.04 1.82139 0.70 
23 9.25 6.837 7.26 0.03587 0.07 2.37713 1.88 
24 0.25 0.000 0.12 0.00000 0.00 0.25000 0.18 
25 1.75 1.201 1.48 0.00000 0.01 0.54900 0.21 
26 0.25 0.027 0.12 0.00143 0.00 0.22157 0.15 
27 0.75 0.508 0.50 0.00000 0.00 0.24200 0.28 
28 12.75 7.291 9.53 0.11552 0.09 534348 3.12 
29 6.50 3.818 4.93 0.00861 0.04 2.67339 1.52 
30 10.00 6.252 7.49 0.01507 0.06 3.73293 2.46 
31 0.25 0.107 0.12 0.00000 0.00 0.14300 0.13 
32 7.00 4.754 5.59 0.00143 0.05 2.24457 1.34 
AT 8 m SPACING 
1 14.50 10.793 1333 0.12508 0.05 3.58192 1.12 
2 0.50 0.376 0.36 0.00000 0.00 0.12400 0.14 
3 4.50 2.923 3.98 0.02189 0.01 1.55511 0.50 
4 2.25 1.780 2.00 0.00153 0.01 0.46847 0.23 
5 1.25 0.767 1.00 0.00000 0.00 0.48300 0.27 
6 3.00 2.141 2.61 0.00766 0.01 0.85134 038 
7 11.75 10.836 11.09 0.05581 0.04 0.85819 0.61 
8 12.50 10.634 11.87 0.05493 0.05 1.81107 0.59 
9 0.50 0.463 0.36 0.00000 0.00 0.03700 0.12 
10 7.00 5.657 5.98 0.01598 0.02 132702 1.01 
11 1.75 1.317 1.41 0.00000 0.00 0.43300 0.34 
12 0.50 0.492 0.36 0.00000 0.00 0.00800 0.13 
13 8.50 7.017 7.47 0.00427 0.03 1.47873 1.02 
14 7.00 6.279 6.09 0.01609 0.02 0.70491 0.89 
15 1.00 0.666 0.72 0.00000 0.00 0.33400 0.27 
16 7.00 6.337 6.38 0.02353 0.03 0.63947 0.58 
17 2.00 1.794 1.81 0.00000 0.01 0.20600 0.18 
18 1.00 0.955 0.73 0.00000 0.00 0.04500 0.29 
19 1.75 1.244 1.48 0.00000 0.00 0.50600 0.26 
20 0.25 0.087 0.18 0.00000 0.00 0.16300 0.07 
21 15.50 13.802 14.25 0.05406 0.06 1.64394 1.19 
22 4.50 3.024 4.02 0.01663 0.02 1.45937 0.45 
23 9.25 7.451 8.02 0.03918 0.03 1.75982 1.17 
24 0.25 0.072 0.18 0.00000 0.00 0.17800 0.10 
25 1.75 1.331 1.56 0.00000 0.01 0.41900 0.14 
26 0.25 0.072 0.18 0.00000 0.00 0.17800 0.09 
27 0.75 0.637 0.58 0.00000 0.00 0.11300 0.19 
28 12.75 8.464 10.76 0.03217 0.04 4.25383 1.95 




10.00 	6.887 	8.54 	0.02035 	0.03 	3.09265 	1.43 
31 0.25 0.130 0.18 0.00000 0.00 0.12000 0.07 
32 
	
7.00 	5.527 	6.12 	0.00832 	0.02 	1.46468 	0.85 
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